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ABSTRACT 

As companion to the more general document 
Telecommunications Media for the Delivery of Educational Programming 
, this report concentrates on the technical and economic factors 
affecting the design of only one class of educational networks, 
dedicated coaxial cable systems. To provide illustrations, possible 
single and dual dedicated cable networks are. considered as ways to 
deliver educational services to selected institutions in the St. 
Louis metropolitan area. The networks described have the capacity to 
simultaneously distribute 35 forward and eight return channels. Cost 
estimates, construction techniques, and technical limitations of the 
systems are discussed in detail. Since user efficiency is a key 
factor in minimizing the cost of the system, a projection is made for 
the potential use of the system in the St. Louis area. Extensive 
appendixes concentrate on the technical functioning of the system. 
(EHH) 
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I. ' INTRODUCTION 

In our previous work concerning educational technology, (1) the 
types o£ educational services that might be delivered using teleconmiuni- 
cations technology were discussed. Using these services, learners in 
traditional academic environments could receive instruction in subjects 
not otherwise available at their particular institution, and could self- 
schedule their own instruction in many cases. In addition, people could 
receive instruction at remote locations, such as their place o£ employ- 
ment; thus education could be available to many for whom conventional 
classroom attendance was too inconvenient. 

The high initial cost o£ educational technology makes it advan- 
tageous for the cost of the services to be shared by as many users as 
possible. This sharing requires that a communication network inter- 
connect the users of the services. Depending on the type and amount 
of services required, and upon existing facilities that may be available, 
the network can have many forms. The type of network ultimately used 
also depends upon the size and location of the area throughout which 
the services are to be distributed. 

Leased telephone lines, low power UHF transmitters, point-to-point 
microwave relay, and CATV network channels are now being used to 
deliver educational services in one form or another. (2, 3) It is 
beyond the scope of this memorandum to examine the engineering and 
^ economic details of all of these communication networks; the details are 
available in engineering literature or from the associated common 
carriers. What we can do, however, is to examine one of the network 
types in an effort to demonstrate the types of details that must be 
considered in designing an educational network. This memorandum 
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discusses the technical and economic tradeoffs that must be considered 
in designing a dedicated coaxial cable network. 

Coaxial cable networks are a particularly interesting design 
example for several reasons. First, cable's high bandwidth (typically 
up to 274 MHz in two bands, one covering frequencies from fifty to three 
hundred MHz, and a separate band from six to 'thirty MHz) could distri- 
bute much diverse progxanuning over entire metropolitan areas. More- 
over, in many cases, a cable network might have enough capacity to 
support future expansion of network services without requiring additional 
cable construction. In addition, because the literature describing 
cable television network design is fairly complete, most of the technical 
and economic factors affecting network design can be examined in detail. 
Finally, because much of the cost of building a cable network lies 
in construction costs that are independent of the number of cables being 
installed (e.g., the cost of repositioning wires on existing poles for , 
aerial installation, or the cost of digging and refilling trenches ii) 
the case of buried cable construction) , a second dedicated cable system 
could be installed at great savings if it were built at the same time 
that a commercial CATV system were being installed. 

Coaxial cable has many advantages that allow the educational 
network designer to provide users with more services than could be 
carried over a different transmission medium. Because of the design 
of the cable, signals on the cable are- not only protected against 
outside interference, but the signals carried on a cable are confined 
within the cable. This is especially important in urban areas where 
the available frequency spectrum is already being used. Without 
cable's shielding properties interference would limit the quantity of 



10 



-3- 



educational services deliverable. 

In the networks presented in this.-ineraorandum, not only can program- 
ming originated at the headend be received with acceptable quality, 
but in addition, programming originated by any o£ the institutions 
served by the net^vork can be received with acceptable quality at any 
other institution served by the network; this allows students at remote 
locations to view lectures as they occur, using a portion o£ the net- 
work's return bandwidth to interact with the lecturer. Remote viewing 
o£ lectures would allow working students to attend classes, more 
conveniently while allowing area colleges and universities to share the 
load o£ teaching basic courses. The networks can also carry services 
derived £rom centralized programming sources such as CAT and remote 
document retrieval services. 

When used with our previous memorandum describing the types o£ 
services that may be o££ered using communications technology (1), this 
memorandum serves as a guide for the design o£ educational networks. 
Having discussed possible services in the previous memorandum, in this 
memorandum we illustrate the technical and economic tradeo££s involved 
in network design by designing and costing single and dual cable 
dedicated educational networks to serve selected institutions in the 
St. Louis metropolitan area. The network's £ive spokes can each carry 
up to thirty-£ive, six MHz bandwidth channels o£ programming per cable 
from the headend to the spoke's users, while up to three channels of 
video programming per cable can be simultaneously originated by the 
institutions served by a single network spoke. In addition, digital 
signals originating at any institution served by the network can be 
received with acceptably low bit-error rates by any other institution 
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served by the network. 

Having designed the network, we then examine the cost of offering 
each of the educational services able to be delivered. We determine 
the cost of the equipment required to offer each service, and we 
estimate the salaries of personnel required to provide each service. 
As a means of illustrating the actual cost of each service, a "per 
user contact hour" cost is determined. Furthermore, after outlining 
the communications requirements of each educational service, we show 
how these communications requirements limit the amount of services 
able to be provided. 

It is hoped that by illustrating the considerations involved in 
determining the types and amounts of services that can be provided, 
future network designers will find here a guide that will assist. them 
in the engineering design of educational networks. It should be ^ 
pointed out, however, that to design an actual network the user needs 
of the area would need to be determined first. The networks for the 
St. Louis area presented here are intended to illustrate the technical 
principles of coaxial cable network design and to allow estimates 
of the cost of providing each educational service to be made. Therefore, 
no survey of the area's needs was undertaken; instead, a set of 
institiiions potentially able to support the networks were identified, 
and the cost of providing services to users at the institutions was 
estimated. As such, the networks presented here are not intended to 
represent partial solutions to the educational needs of the St. Louis 
metropolitan area. We do, however, offer first estimates of the cost 
of providing educational services to institutional users in the 
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St. Louis area, ani, using the information presented here, the design 
o£ more representative dedicated networks for the St. Louis area 
could be made. 
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2. AN ILLUSTRATION OF THE DESIGN AND ANALYSIS 



OF EDUCATIONAL COMMUNICATIONS NETWORKS 



2.1 CABLE AND AMPLIFIER FACTORS AFFECTING NETWORK DESIGNS 

The main components of a coaxial cable system are^the cable itself 
and the amplifiers used. The optimal system design utilizes the 
least expensive combination of these which will provide an acceptable 
quality sipal over the required distance, given the temperature 
ranges of the area, to be served. The signal quality is primarily a 
function of the amount of noise and distortion products added to 
signals passing through the system, which in turn are related to the 
distance to be covered. The qualitative effects of noise and distor- 
tion on network design are discussed in this section.* 

Coaxial cables are available in three sizes and with two different 
types of dielectric. The cable consists of a copper or aluminum 
center conductor encased in a cylinder of insulating dielectric. 
The dielectric typically is composed of polyethylene or styrene 
foam plastic. Around the dielectric, a woven or solid outer conductor 
is wrapped, and then the entire cable is encased in one or several 
layers of insulation and cladding designed to protect the cable from 
environmental degradation. The choice of cable is interrelated with 
the choice of the amplifier system selected.. The factors to be 
considered when selecting the appropriate combination are discussed 
below. 

Like all transmission media, coaxial cable attenuates the signals 
it carries. The degree of attenuation is a function of the type of 

*For a quantitative analysis of how system noise and distortion affect 
network design, see Appendix 5.1. 
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dielectric used, the size o£ the cable, the frequency o£ the signal 
being'carried, and the temperature in which the system is operating. 
I£ a coaxial cable network is to cover any appreciable distance, 
amplifiers must be spaced periodically along a cable link to compen- 
sate for the cable's attenuation and maintain signals at a usable 
level. Ideally, these amplifiers would only increase the signal's 
intensity, so that the output of the amplifier would be an 
intensified version of the input. However, amplifiers also degrade 
the signals in several ways. A quantity of thermal noise is generated 
in each amplifier, and added to the output signal. As the number of 
amplifiers ilT a' cascade increases, the amount of noise added to 
the signal also increases, thus decreasing the signal-to-noise ratio 
(SNR). As the SNR decreases the received signal is increasingly 
degraded. In digital transmissions, this results in an unacceptable 
bit-error rate; in television transmissions, the result is a "snowy" 
picture. 

The amount of noise generated in any particular amplifier is 
relatively constant under typical operating conditions, so an 
acceptable SNR can be maintained in several ways. First, the number 
of amplifiers in a cascade can be reduced by using better quality 
(and more expensive) coaxial cable. Better cable attenuates the 
signal less, therefore requiring fewer amplifiers to cover a given 
distance. Alternatively, the level at which the signal is : ' 
propagated through the cascade can be increased. If the noise 
generated within the cascade remains constant, increasing the signal 
level will also increase the system's effective SNR. For a given 
length cascade, there is a minimum signal level which must be 
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maintained i£ an acceptable signal-to-noise ratio is to be insured. 

Nonlinearities in amplifiers' transfer characteristics also 
degrade the signal by causing distortion. Ignoring thermally 
generated noise for the moment, an amplifier's transfer characteris- 
tic ideally would be given by 

V , = a, X V. , : (2.1) 
out 1 m 

where a^ is the amplifier's voltage gain. Real amplifier transfer 
characteristics are more closely approximated by 

V = a, X V. + a^ X (V.^)^ + a„ x (V. )^ ' (2.2) 
out 1 m 2 in 6 m 

For the "well-behaved" amplifiers typically used in coaxial cable 
transmission systems, ^]^^^^3 ^^2* nonlinear terms of the 

transfer characteristic have several effects upon the quality of 
signals propagated through the cascade. These terms generate secondh- 
and third-order intermodulation distortion products which, if of 
significant amplitude and close in frequency to one of the channels 
carried on the cable, cause beat interference. This results in a 
visible "herring]3one" interference pattern on a received television 
signal. (4) 

Amplifier nonlinearities also cause cross-modulation distortion, 
so that instead of being constant, the amplifier's instantaneous 
gain is a function of the input signal's instantaneous amplitude. 
Because video information is impressed upon a television signal by 
varying the instantaneous amplitude of the carrier upon which the 
video signal is being transmitted, an amplifier's gain varies as the 
carried signal levels vary. If more than one channel is being 
carried on a cable network, the amplifiers' varying gains can result 
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in one channel's modulation being weakly impressed upon another 
channel, and vice versa. I£ the interference is strong enough, 
slanting bars will appear in the picture o£ a r.eceived television 
signal. I£ all o£ the signals on the cable have synchronous timing 
(i.e., are derived form a common source), the slanting bars will be 
stationary. More commonly, the signals' timing will be derived 
from several sources of slightly different frequency and the slanting 
bars will wander horizontally across the received picture, giving 
a "windshield-wiper" effect. (4) 

The system designer can reduce the amount of second- and thirdr- 
order distortion generated within a cascaded amplifier system in'- 
two ways.* Since the total distortion generated within a cascade 
is the sum of the distortion generated in each cascade amplifier, 
minimizing the number of amplifiers needed will minimize the 
distortion added. Again, using higher cost cable with less 
attenuation will minimize the number of amplifiers needed. 

The second method to reduce second- and third-order distortion 
is to decrease the level at which signals are carried within the 



*A third but less desirable method to reduce the amount of distortion 
and noise generated within a cable link is to reduce the number of 
channels the link will carry. This reduces the cable transmission 
bandwidth required and therefore the highest frequency that must be 
carried on the system. Because the cable's signal attenuation 
decreases with decreasing frequency, interamplifier spacing can be 
increased and fewer amplifiers in cascade will be needed to span any 
given distance, thus reducing the total amount of noise and distor- 
tion generated. Furthermore, because the amount of distortion 
generated depends upon the number of channels available which can 
combine to form spurious products, the amount of distortion generated 
in each amplifier is reduced. However, since the ability to increase 
service later without building a new system is desirable it is 
preferable to design for the maximum number of channels the cable 
can carry. 
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system. Referring to equation 2*2, if the signal voltage (V^^) 
coining into an amplifier is doubled, the voltage of the desired 
linear term of the ajnplifier ' s output signal, a^ x V^^, is also 
doubled, but the voltage of the squared term a^ x (V^^)^, is 
increased by a factor of four, and the voltage of the cubic term, 
a^ X fV. )^ , is increased by a factor of eight. Thus, increasing 
the level at which signals are carried within the system decreases 
the system's signal to distortion ratio (SDR) and makes the inter- 
ference caused by distortion more perceptible. Conversely, decreasing 
the level at which signals are carried within a system increases the 
SDR and makes the interference caused by distortion less perceptible. 
The principal result is that for a given system, there is a maximum 
level at which signals can be propagated within the system if 
excessive second- and third-order distortion interference in the 
received signal is to be avoided. * 

Given that there is a minimum level above which signals must 
be maintained if excessive degradation due to noise is to be avoided, 
S(min), and a maximum level below which signals must be maintained 
if excessive degradation due to second- and third-order distortion 
is to be avoided, S(max) , consider what happens when additional 
amplifiers are added to a cascade. Each additional amplifier generates 
additional noise, increasing the total amount of noise generated 
within the cascade. If a given minimum SNR is to be maintained, 
the value of S(min) must be increased by an amount equal to the 
increase in total system noise. Similarly, each additional amplifier 
inc;reases the total amount of distortion generated within the 
cascade. If a given minimum SDR is to be maintained, the value of 
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SCmax) must be decreased enough that the reduction in generated 
distortion compensates for the additional' distortion generated in 
each amplifier added to the cascade. It can be seen that as more 
amplifiers are added to the cascade, the value of SCmin) will 
increase while the-value of SCmax) will decrease until at some point, 
S(min) will be greater than SCmax). When this happens, the maximum 
number of amplifiers that can be cascaded will have been exceeded 
and no signal level will allow signals of acceptable quality to be 

received. ' 

In an ideal cascaded amplifier system where signal levels 
remained constant regardless of the environment in which the system 
was operated, the maximum amplifier cascade size would be the number 
of amplifiers at which SCmin) = SCmax). However, signal levels 
can vary because amplifiers' gains vary as their components age, and 
V because cable' s ^signal attenuation varies 1% for every 10°F. change 
in temperature. C5) Thus, the number of amplifiers cascaded in a 
system must allow a sufficient range between SCmin) and SCmax) so 
that system signal "levers can vary without causing excessive signal 
degradation. Simons (4) denotes the difference between SCmin) and 
SCmax) as the system's "tolerance." Since as the tolerance increases, 
the range of levels over which the system can acceptably operate 
also increases, tolerance is a measure of the system's quality. 

The amount of tolerance required in a system depends upon 
several factors. Amplifiers incorporating automatic gain control 
(AGO and automatic slope control (ASC) are available to intersperse 
with regular amplifiers to compensate for signal level variations. 
However, they are effective only over a limited range of input 
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level variations. Since systems are designed so that excessive 
variations cannot occur, the range of variation over which the AGC 
amplifiers used can compensate determines the maximum tolerance 
needed in the system. Given this maximum tolerance the proportion 
of AGC amplifiers used in a system can usually be adjusted to enable 
the system to cover the distance desired. With a higher proportion 
of AGC amplifiers, the signal levels are adjusted more often and 
the maximum possible signal level variation can be reduced. This 
decreases the system tolerance required and allows more amplifiers 
to be cascaded without excessively degrading received signal quality. 
Further, using more AGC amplifiers than isfininimally necessary 
will result in even better quality signals being received at the 
cascade's end. 

Most cable networks will probably also need to use one additional 
type of amplifier. This is a bridger amplifier. A bridger amplifier 
serves several functions. First, it amplifies network signals 
and allows the signals carried on a single cable to be fed into two 
or more cables where necessary without causing excessive signal 
level reduction. Second, a bridger amplifier isolates the forward 
channels on the branches from the return signals, so ^that noise 
generated in One branch cannot interfere with signals in another. 

The incremental cost of adding bridging facilities to a 
repeater amplifier is less than the cost of a separate bridger 
amplifier. Therefore, savings will result if a repeater amplifier 
with bridging capabilities can be installed instead of a separate 
bridger amplifier at the point where the spoke branches. However, 
in some cases it might be uneconomical to locate a repeater amplifier 
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at the exact point that the branches diverge, but quite reasonable 
to have one near the divergence point. In that case, the designer 
would install additional cables from the amplifier with bridging 
facilities to the point where the cable branches separated. This 
would only occur, however, when the cost o£ the multiple cable 
construction was less than the savings realized by not using a 

separate bridger amplifier. 

For the network designed in this report minimum acceptable 

video performance specifications for a signal received anywhere in 

the network are: 

Signal-to-noise ratio = 43 db. (NCTA) 

Maximum allowable cross-modulation distortion = -51 db. 
Minimum received signal level = 0 dBmV. 

The signal-to-noise ratio is referenced to a 4 MHz noise bandwidth 

and is measured with respect to the level of signals' sync pulses. 

Similarly, cross -modulation distortion is measured with respect to 

sync level. By maintaining the received signal level above 0 dBmV, 

individual receiver noise figures should not noticeably affect the 

amount of noise discerned in received signals. (11) 

Digital signals are much less susceptible to interference from 

noise and nonlinear distortion than are video signals, so that a 

channel capable of propagating video signals acceptably can also 

carry digital signals without causing excessive bit-error rates. 

Therefore, this design assumes that the network is only required to 

carry video signals. If educational services requiring digital 

data transmission are to be included among the services available, 

part of the network's bandwidth can be reserved for digital signals. 
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However the type of equipment needed .to interface digital signals 
onto the cable network is highly dependent on the particular services 
offered. Therefore, considerations of interface equipment will not 
be included in the designs of the cable networks but rather in the 
next Chapter along with the amounts and types of educational 
services that can be carried on a network. 

The effects of noise and distortion buildup on received signal 
quality are examined more closely in Appendix 5.1. Equations 
specifying the amount of noise and distortion that can be 
expected to be generated under worst case conditions are developed, 
and worst case conditions for both aerial and underground 
construction are specified. One of the networks presented in 
this Chapter is then analyzed to illustrate the use of the 
equations derived. The equations and example network analysis 
give the reader all of the information required for the technical 
design of dedicated cable networks. Together with the price 
information given in this Chapter, Appendix 5.1 allows the network 
designers to accurately estimate the cost of a cable network 
serving their particular needs. 

2.2 INSTALLATION AND ROUTING FACTORS AFFECTING DESIGNS 

The design of a coaxial cable network must take into considera- 
tion a number of factors concerning installation and routing. 
These factors are affected by the specific location of the system 
and the climate of the area, and are important to determining the 
appropriate cables and amplifiers to use. 
2.2.1 Routing 

Theoretically the most desirable route for a cable is a straight 
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line between each two points to be connected. However, conditions 
in the area the cable is to pass through and existing cable 
facilities will determine the actual route selected. 

In most urban areas, the telephone and electric power 
companies are allowed to install their cables almost wherever they 
must. They have government authorization to do so because if 
permission from each owner whose property cables would cross were 
required, for all practical purposes the utilities would never be 
able to provide services to the public. However, a dedicated 
educational network would not automatically be classified as a 
public service. Therefore, the network's operators would not 
necessarily receive permission to install their cables wherever 

needed. ^ 

Building separate facilities for a dedicated network is not 
usually practical. In urban areas, concrete would have to be broken 
up and replaced all along the route to install conduits or directly 
bury cable, or poles would have to be installed for aerial 
construction. Both are expensive. A more practical alternative 
is to install cables on the poles and in the conduits already used 
by the utilities. Separate cable facilities could be built only where 
necessary. The St. Louis telephone and electric power companies have 
agreements permitting their respective cables to be installed on 
the poles and in the conduits belonging to either company. (7) 
The cost of excavating and refilling the trenches required for 
direct cable burial is also shared by both companies. Network 
operators would have to come to agreement with both the telephone 
company and the electric power company before their cables could 
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be installed in existing facilities. (7) Under such agreements 
cable operators usually are responsible for all construction costs 
incurred when installing cables on utility poles and in utility 
conduits, and have to pay a monthly or annual rental fee. If network 
operation ceases at some future date, the network's operators would 
also be responsible for removing the network's cables from utility 
facilities at that time. 

Routing network cables through existing facilities might require 
that a less-than-optimal cable routing be used, especially when 
utility-owned facilities did not exist along the best routes for 
installing cables. In some cases, existing facilities along the 
desired route might already be so filled with utility cables that 
installation of additional network cables would be impossible. This 
crowding is particularly a problem in older, large cities. To 
minimize routing problems, a network designer needs to work closely 
with utility company planning engineers when initially designing 
a network utilizing existing facilities. 

The network described in this report assumes that network 
cables can be installed along area streets, roads, and railroad 
right-of-ways.* In places where the network's cables must cross 
obstacles such as rivers and limited access highways, routing is 
constrained so the cables cross the obstacles at existing traffic 
overpasses. The latter routing assumption has been previously 

*In an effort to make the routing of the networks discussed in 
this report as realistic as possible, the permission of the 
telephone company to examine their cable routing records was 
requested. Unfortunately, permission was denied. 
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made in a design study o£ broadband dedicated networks for use in 
the Dayton-Miami Valley area. C8)gr 
2.2.2 Installation Factors 

There are three types o£ installation for coaxial cables: aerial 
installation, di: .>ct burial installation, and installation in underground 
conduits. Naturally, when a choice is possible, the least expensive 
type is usually chosen. Most often, however, the type of installation 
used is dictated by the amount of development in the region and by the 
type of installation used there for utility cables. It is quite 
likely that a single network will include all three types of 
installation at different places alpng its routes. In all three 
cases substantial savings can be realized if additional cables for 
future expansion are installed at the same time as the first.* 
2.2.2.1 Aerial Installation 

Aerially constructed cable systems have several characteristics 
that suggest the types of components that should be used when 
constructing aerial portions of a network. First, there is a 
limit on the number of cables that can be installed on a utility 
pole. Most commonly, the number is determined by utility or 
cable company specifications for minimum spacing between coaxial 
cables and utility cables on utility poles. For practical purposes, 
the size of the cables to be used are unaffected. Further, 
except for the higher cost of the larger diameter cable itself, 
the cost of constructing aerial cable systems is unaffected by the 
size of the cable. (9) 



*The costs of the different cable construction methods are discussed 
in Appendix 5.2. 
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Thus, use o£ a large diameter cable might be desirable since the 
savings realized in using fewer repeater amplifiers to cover a 
given distance might more than offset the cable's higher cost. 

Aerially constructed cable systems are directly exposed to 
weather, and therefore the system must be designed to operate 
acceptably under extreme temperature variations. The cable itself 
must be encased in a waterproof jacket and sufficient insulation. 
Since the cable's potential attenuation variance is great, the 
level at which signals are carried in an aerially installed system 
must be controlled more carefully than in an underground system. 
Amplifiers with the added expense of -AGC/ASC circuitry must be used 
exclusively. Again, if high-quality, large-diameter coaxial cable 
is used its additional cost is more than offset by the savings 
realized from using fewer expensive AGC/ASC amplifiers to cover a 
given distance. Thus, in designing the aerial portion of the system, 
the task is to select the optimal combination of cable size and 
quality and number of AGC/ASC amplifiers which will minimize costs 
and provide an acceptable quality signal. 
2.2.2.2 Installation in Underground Conduits 

There are several technical characteristics which must be 
considered when installing cables on existing conduits. First, 
some existing conduits might be nearly full, necessitating 'the use 
of a smaller diameter cable, inspite of its higher signal attenuation 
In addition, as Weinberg (9) reports, as well as the cost of the cabl 
itself being less, the^cosf" of installing smaller diameter cables 
in underground conduits is less than the cost of installing larger 
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diameter cable. Further, conduits are usually located 4 feet under- 
ground. Thus cables are subjected to less extreme temperature 
variations than an aerially constructed system. As a result, the 
cable's attenuation varies less as a result of temperature variations, 
and signal level control in the underground portions of the system is 
less critical. Thus although a smaller diameter cable requires more 
repeater amplifiers in cascade to cover a given distance than a larger 
diameter cable, several advantages are possible. If all the amplifiers 
used in the cascade have AGC/ASC circuitry, more amplifiers than 
could normally be cascaded can be used without causing excessive 
signal deterioration. This in part compensates for the cable's 
higher attenuation. On the other hand, if the distances to be covered 
are short enough, it might be possible to alternate AGC/ASC amplifiers 
with less expensive manual gain amplifiers, compensating in part 
for the cost of the greater number of amplifiers required by the 
smaller diameter cable. 
2.2.2.3 Direct Burial Installation 

Direct burial of cable is likely to be more expensive than 
either aerial or conduit installation. Trenches have to be dug and 
refilled each time a new cable is to be installed. This makes it 
especially important that if direct burial construction is to be 
used, enough cable capacity be installed when the system is being 
initially built to accommodate expected future expansion of network. 

The number of cables that can be installed by direct burial is 
not limited by conduit size or pole capacity. However, according to 
Weinberg, (9) larger diameter cables are more expensive to install 
in trenches. Further, the type of cable used in direct burial 
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installations is more expensive than either the cable used in aerial 
installations or the cable used in conduit installations. It 
requires both a waterproof jacket, flooded with a jellylike compound 
to further reduce moisture seepage, and metal armor designed to 
prevent rodents from gnawing through it. 

Cables are typically buried in trenches 18" deep, so they 
experience less extreme temperature variations than do aerially 
constructed portions of a system but wider temperature fluctuations 
than do cables installed ^in conduits. Thus an intermediate number of 
amplifiers AGC/ASC is usually required to cover a given distance. How- 
ever, the cost of appropriately-protected, larger diameter cable exceeds 
the savings realized by using fewer amplifiers. As a result, the 
smallest cable to deliver signals of acceptable quality should be 
used in direct burial installations. 

2 3 A DEDICATED COAXIAL CABLE NETWORK DESIGN FOR THE SAINT 
LOUIS METROPOLITAN AREA 

2.3.1 Selection Criteria for Institutions to Receive Network 
Services 

In this section, single and dual cable networks designed to 
deliver educational services to institutions in the St. Louis area 
will be described. The institutions which have been chosen are 
universities and colleges, large industries, and hospitals. These 
particular types o£ institutions have been chosen because they are 

St likely to be interested in improving their staffs' or students' 
educational opportunities, and they are potentially more able to 
support the network than are smaller institutions. 

Other institutions in the area such as public libraries or elemen- 
tary and secondary schools might find the network's services 
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attractive, but their inclusion would vastly change th|. characteris- 
tics o£ the resulting design. For instance, i£ public libraries 
were included, the network would have to connect many additional 
locations that were evenly dispersed throughout the area. This would 
require installation o£ much more cable and the cost o£ the whole 
network would be greatly increased. Since facilities in branch 
public libraries probably would receive much less use than facilities 
in the selected institutions, the actual "per user contact hour- 
cost o£ the additional facilities would be increased. 

Interconnecting elementary and secondary schools would also 
require that a large amount of additional cable be installed. 
Further, as Bamett and Denzau (6) suggest in their consideration 
of how dedicated networks might be used to interconnect elementary 
and secondary schools in metropolitan areas, once teachers experience 
the benefits that the network can offer, the schools might generate 
enough programing that the network would be used to full capacity. 
A separate network serving elementary and secondary schools exclusively 
might be required. While such a separate network could have been 
included in the network designs presented here, it was felt that 
this complication would tend to obscure the Chapter's analysis. A 
similar design, including elementary and secondary schools, could 
be undertaken using the information presented. 

The design presented here interconnects only major institutions 
with a network requiring only a moderate level of investment. The 
institutions selected were chosen only for purposes of illustration; 
the choices made are not based on a market survey. Tables 1, 2 and 
3 list the institutions included. 
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Table 1: Institutions Served In the 
St . Louis City Area 



Universities and Colleges 

1. Washington University* 

2. Fontbonne College 

3. Washington University 

School o£ Medicine 

4. Forest Park Community College 

5. St. Louis University 

6. St. Louis University 

School o£ Medicine 

7. Harris Teachers College 

Industries 

8. Union Electric 

9. Ralston Purina Co. 

10. Proctor and Gamble Mfg. Co. 

Hospitals 

11. Alexian Bros. Hospital 

12. Barnes, Jewish § St. Louis 

Children's Hospital 

13. Firmin Desloge Hospital 

(St . Louis Univ. ) 

14. Cardinal Glennon Memorial 

Hospital for Children 

15. Chronic Hospital 

16. Homer G. Phillips Hospital 

17. DePaul Hospital 

18. St. Luke's Hospital 

ly. St. Mary^s Health Center 

20. Deaconess Hospital 

21. City Hospital -Starkloff Mem. 

22. Cochran Hospital 



Location 

Lindell Blvd. § Skinker Rd. St. Louis 
6800 Wydown Blvd., Clayton 

660 S. Euclid Ave., St. Louis 
5600 Oakland Ave., St. Louis 
221 N. Grand Ave., St. Louis 

1402 S. Grand Ave., St. Louis 
3026 Laclede Ave., St. Louis 



1901 Gratiot, St. Louis 
835 S. 8th St . , St. Louis 
169 E. Grand Ave., St. Louis 



3933 S. Broadway, St. Louis 
Kingshighway and. Forest Park 
Parkway, St . Louis 

1325 S. Grand, St. Louis 

1465 S. Grand, St. Louis 

5700 Arsenal, St, Louis 

2601 ^Vhittier, St. Louis 

2415 N. Kingshighway, St. Louis 

5535 Delmar Blvd., St. Louis 

6420 Clayton Rd., Richmond Heights 

6150 Oakland, St. Louis 

1515 Lafayette, St. Louis 

915 Grand, St. Louis 



Note: a) This portion of the netv/ork includes 23.7 strand miles and 
24.7 miles of cable. (Strand miles refers to the length of the route 
over which cable (s) must be installed; cable miles, on the other hand, 
refers to the total length of cable installed. Both of these figures 
are required to estimate construction costs, as construction costs 
differ over portions of the route where multiple cables have been 
installed, . ' 



* Headend. 
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Table 2- Institutions Served in North 



St. Louis County 



Universities and Colleges 

1. Washington University* 

2. University of Missouri- 

St. Louis 

3. Florissant Valley 

Community College 



Location 



Linden Blvd. § Skinker Rd., St. Louis 



8001 Natural Bridge, Bellerive 



3400 Pershall Road, Ferguson 



Industries 

4. Emerson Electric rompany 

5. McDonnell Douglas Corp. 



8100 W. Florissant Road, Ferguson 
Bro^v^m Road, Hazelwood 



Note: a) There are no major hospitals in the area. 

b) This portion of the network includes 14.4 strand miles and 
14.4 miles of cable. 



* Headend. 
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Table 5: Institutions Served in South 
and West St, Louis County 



Universities and Colleges 



Location 



1. WaslTingtou University* 

2. Webster College 

3. Meramec Community College^ 

4. Maryville College 



Lindell Blvd. q Skinker Rd., St. Louis 
470 E. Lockwood, Webster Groves 
959 S. Geyer Road, Kirkwood 
13550 Conway Road, Creve Coeur 



Industries 



5. Monsanto Company 

6. Western Electric Co. 



Inc. 



800 N. Lindbergh Blvd., Creve Coeur 
1111 Woods Mill Rd., Ballwiia^^ 



Hospitals 

7. St. Louis County Hospital 

8. St. Anthony *s Medical Center 

9. Shriner's Hospital for 

Crippled Children 

10. St. Joseph Hospital 

11. St. Luke's Hospital -West 

12. St. John's Mercy Medical 

Center 



601 S. Brentwood Blvd., Clayton 
10006 Kennerly Road., Sappington 

2001 S. Lindbergh Blvd., Frontenac 
525 Couch Ave.-., Webster Groves 
232 Woods Mill Road South, Ballwin 

615 S. New Dallas Rd., Creve Coeur 



Note: This portion o£ the network includes 33.9 strand miles and 
35.2 miles o£ cable. 



* Headend. 
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2.3.2 Layout o£ the Network 

For ease o£ illustration,- the St. Louis metropolitan areas has 
been divided into three regions: St. Louis city, north St. Louis 
County, and south and west St. Louis County.* This division o£ 
the metropolitan areas into three distinct regions follows naturally 
from the location o£ the institutions that are to be served by the 
network. By assuming' that the network's headend would be located at 
Washington University, most o£ the institutions served can be 
interconnected by a network consisting o£ £ive spokes o£ approximately 
equal length radiating £rom the headend. Washington University 
was chosen as the headend site for convenience; another centralized 
location would serve equally well. ^ 

The institutions within St. Louis city that are to be served 
by the network are listed in Table 1 and Figure 1 showing the 
institution's locations and the network's routing. The institutions 
in north St. Louis County are listed in Table 2 and their locations 
and the network's routing are shown in Figure 2; south and west 
St. Louis County institutions are listed in Table 3, and their 
locations and the cable routing used are shown in Figure 3. 

Dividing the network into five independent spokes has several 
benefits. First, the effective number of channels made available to 
network users is increased by a factor of five. Specifically, while 
the number of channels that may be viewed at any particular location 
served by the network is limited for a single cable network to 

t 

thirty- five, by dividing the network into five spokes, the total 



*St. Louis city and St. Louis County are politically autonomous, 
but cooperate through several intergovernmental agencies. 
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Figure 3. Institutions Swerved in South and West St. Louis County 
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number o£ channels carried on the system is increased to 175, 
effectively reducing the user density per channel by a factor of five. 
Similarly, although users at any Ibcation served by the network 
have access to a maximum of only four return video channels, dividing 
the network into five spokes should reduce the user density per 
return channel by roughly a factor of five. 

Dividing the network into five spokes also reduces the amount 
of noise that is generated in a spokes' return channels. For instance, 
if the fourth and fifth spokes were joined where their routes 
separated at the intersection of Big Bend Blvd. and Clayton Road, 
(see Figure 3), the cost of installing a second cable from the 
intersection to the headend would be saved. However, in the return 
direction the noise generated by the amplifiers in each spoke would 
be combined, causing increased degradation on signals originated 
by users and possibly causing so much degradation that signals could 
no longer be acceptably received at the far ends of the spokes. 

Breaking the dedicated networks into five spokes requires that 
each cable be independently connected to the system headend. There- 
fore, in some cases' several separate cables may have to be run over 
the same route. For instance three separate cables must run from 
the headend. south along Big Bend Blvd., one each for the network's 
second, fourth and fifth spokes. (See Figures 1 and 3.) This is 
one reason why the number of network strand miles and the number of 
network cable miles are not necessarily equal. 
2.3.3 Types of Installation To Be Utilized 

Besides being suggested by the locations of the institutions 
to be served, the division of the St- Louis metropolitan area into 
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three distinct regions is also logical based on the type o£ cable 
installation required, in each region. Cable in the St. Louis city 
area is likely to be installed in existing underground conduits 
owned and utilized by the utilities in most of that area. V^e only 
exception is the portion o£ the network along Big Bend Blvd. and 
Overland and Macklind Avenues where cable would probably be aerially 
installed, as utility cables are carried on poles along much o£ this 
route. (See Figure 10 

Relatively few institutions will be served in north St. Louis 
County which consists mainly o£ residential communities. (See 
Figure 2.) Much o£ the utility cable construction in this region 
is aerial. However, some o£ the municipalities have passed ordinances 
prohibiting aerial con3truction as an eyesore and other municipalities 
are expected to do the same, so some o£ the cable construction in 
north St. Louis County is underground. 

Because the area is not extensively paved, there are £ew conduits 
in north St. Louis County and underground cable installation would 
be by direct burial. 

South and west St. Louis County are less densely developed than 
the rest o£ tm St. Louis area. Utility poles run along most of 
the cable route. (See Figure 3.) Therefore, the cable in 
the south and west- portions of St. Louis County would be aerially 
installed. 

2.4 COST ESTIMATES FOR A DEDICATED NETWORK DESIGN FOR THE SAINT 
LOUIS METROPOLITAN AREA 

In the previous three sections of this chapter, the technical 
and topographical factors affecting the design of dedicated cable 
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networks and a possible layout for such a network for the St. Louis 
metropolitan area were discussed. In this section, the required 
components for the single and dual cable networks will be listed, 
and the two networks' costs will be estimated. For a discussion of 
the specifications and the costs of the components used in designing 
the networks, the reader is referred to Appendix 5.2. 
2.4.1 Cost of the Network 

In these networks, video programming originated at any point 
in the network can be received at any other point in the network with 
acceptable quality. From an engineering design standpoint, this 
implies that a signal originated at the far end of one of the 
network's spokes, propagated through the spoke's return amplifiers, 
transferred at the headend to a forward cable channel, and the pro- 
pagated through all of a spoke's forward amplifiers to the spoke's 
distant end must not be excessively degraded by amplifier noise and 
distortion. Referring to Appendix 5.1, it can be shown that if .75" 
styrenefoam coax is used in aerially constructed portions* of the 
network and .5" styrenefoam coax is used in underground (conduit or 
direct burial installation) portions of the system, video signals 
are not excessively degraded if all forward amplifiers used have 
AGC/ASC and every third return amplifier used has AGC* 

The cost estimates include the cost of the cable and amplifiers 
used and the cost of installing the network. For each area 



*The factors affecting the type of coaxial cable resulting m the 
lowest cost for each of the three types of cable installation are 
discussed in Section 2.2.2. Interested readers may use the informa- 
tion given in Appendices 5.1 and 5.2 to verify that the cable types 
used here result in the least expensive networks possible. 
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estimates are made for networks instajled under two sets o£ copditions. 
First i£ a single cable network is being installed at a time when 
no other cable construction is being done in the area, and second, 
i£ the network's cable is being installed in addition to other 
cables. The second cost estimate applies for the second cable in 
a dedicated dual cable network or for each cable in the dedicated 
network if the network were being installed at the same time as that 
area was being wired for CATV or such. 

A sizeable reduction occurs when installing additional cables 
aerially because the cost of rearranging existing utility cables on 
utility poles is charged only to the cost of the first cable installed. 
Like\,fise a sizeable reduction in the cost of the second cable is 
realized using direct burial construction because the cost of the 
excavating and refilling cable trenches is included only in the ? 
cost of the first cable installed. A similar reduction would be 
realized if the conduits used in the network had to be installed. 
However, total system cost would be greatly increased over the 
estimate presented here which assumes use of existing conduits. 

Changing from one type of installation to another, each of which 
uses a different diameter cable with a different interamplif ier 
spacing, could affect where bridger amplifiers should be installed. 
Using a separate bridger amplifier, rather than a repeater amplifier 
incorporating bridging facilities, might be appropriate. Similarly, 
if the bridger amplifier's location was changed, the amount and 
cost of the multiple cable construction needed to connect the bridger 
amplifier to the various cable branches would be altered. However, 
these changes would not significantly affect total system cost. 
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Table 4 presents the costs for the Saint Louis city portion of 
the network. The cost o£ installing a single cable network is 
approximately $127,000. The cost o£ an additional cable would be 
$109,000. Thus the total cost for a dual cable dedicated network 
installed when no other cable construction is being done is approxi- 
mately $236,000. If the dual cable network is being installed at 
the same time that the area is being wired for CATV, the cost of 
network is approximately $218,000. Each additional cable can be 
installed simultaneously for 86% of the cost of the first cable 
installed. 

The construction costs of the network serving north St. Louis 
County are estimated by calculating two sets of cost figures, one 
for the network assuming all aerial construction, and the other 
assuming that all underground construction. Each of these network 
construction costs are then broken dovm into a per mile cost figure 
and the estimated cost of the composite network can be determined 
by adding the cost of the expected percentage of each type of 
construction to be used. 

Table 5 lists the cost estimate for the portion of the network 
using direct burial installation. The cost of the first cable 
installed is approximately $141,000, while the cost of each additional 
cable simultaneously installed is approximately $74,000 (53% of 
the cost of the first cable installed). Thus, to construct a dual 
cable network when no other cable installation is being done would 
cost approximately $215,000; if another cable is also under construc- 
tion, the dual cable network will cost approximately $148,000. 
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Table 4: St. Louis City Cable Network Costs 
(Re: Figure 1] 



R eturn Video Network-^-- Aerial and Conduit Installation 

For a Single Cable 

19.6 miles of .5" Styrenefoara coax with jacket 

and flooding conrpound costing $805 per mile 
5,1 miles of .75" Styrenefoam coax with jacket 

costing $1500 per mile 
Installation of 18.6 miles of .5" coax in existing 

conduits costing $1839 per strand mile 
Simultaneous installation of 1,0 miles of 

additional coax costing $1471 per mile 
Aerial installation of 5,1 miles coax costing 

$2870 per mile 
12 fwd, AGC/rev. AGC amplifiers costing $1026 

per amplifier 
34 fwd. AGC/manual rev, amplifiers costing $926 

per amplifier 
6 fwd. AGC/manual rev. amplifiers with bridging 

capability costing $1311 per amplifier 
Conduit installation of 43 amplifiers costing 

$29 per amplifier installed 

TOTAL COST OF SINGLE CABLE SYSTEM 



$ 15780 
7650 
34210 
1470 
14640 
12310 
31480 
7870 
1250 
$126660 



Fo r Each Additional Cable Installed Simultaneously 

19.6 miles of .5" Styrenefoam coax with jacket 

and "flooding compound costing $805 per mile 
5.1 miles of .75" Styrenefoam coax with jacket 

costing $1500 per mile 
Installation of 19.6 miles of coax in existing 

conduits costing $1471 per mile 
Aerial installation of 5.1 miles of coax costing 

$798 per mile 
12 fwd. AGC/rev. AGC amplifiers costing $1026 

per amplifier 
34 fwd. AGC/manual rev. amplifiers costing $926 

per amplifier 



$ 15780 
7650 
28830 
4070 
12310 
31480 
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Table 4: St. Loiiis City Cable Network Costs 
(Re: Figure l) (continued) 



For Each Additional Cable Installed Simultaneously (cdritQ 

6 £wd, AGC/mariual rev! amplifiers with bridging 
capability costing $1311 per amplifier 

Conduit installation of 43 amplifiers costing 
$29 per amplifier installed 

TOTAL COST FOR EACH ADDITIONAL CABLE 

Total cost for single cable network for St. Louis City 
equals approximately 

Total cost for dual cable network for St. Louis City 
equals approximately 



7870 
1250 



$109240 
$127000 
$236000 



Note: 



These costs estimates do not include the cost of equipment 
needed at headend and of equipment needed to connect users to the 
network. These equipment costs will be estimated m Table 8.. 
Similarly, ironthly utility pole and conduit rental fees are 
not included in the above estimates. 
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Table 5: 



North St, Louis County Cable Network Costs 
(Re: Figure 2 ) 



Return Video Network Direct Burial Construction 



For a Single Cable 

14.6 miles of .5" Styrenefoam coax with jacket, 

flooding compound, and armor costing $1214 per mile 
14.38 miles of single cable direct burial construction 

costing $5800 per mile 
0,22 miles of additional cable installed 

simultaneously costing $1348 per mile 
8 fwd. AGC/rev. AGC amplifiers costing $1206 per 

amplifier 

28 fwd. AGC/manual rev. amplifiers costing $926 

per amplifier 
1 fwd. AGC/manual rev. amplifier with bridging 

capabilities costing $1311 
37 pedestals installed costing $75 per pedestal 

including installation 
37 amplifiers installed in existing pedestals 

costing $29 per amplifier installed 

TOTAL COST FOR SINGLE CABLE NETWORK 



$ 17720 
83400 
300 
8210 
25930 
1310 
2780 
1070 
$140720 



For Each Additional Cable Installed Simultaneously 

14,6 miles of .5'^ Styrenefoam coax with jacket, 
flooding compound, and armor costing $1214 
per mile 

14.6 miles of cable installation in open trench 

costing $1348 per mile 
8 fwd. AGC/rev amplifiers costing $1026 per 

amplifier • 

1 fwd. AGC/manual rev. amplifier with bridging 

capabilities costing $1311 
37 amplifiers installed in existing pedestals 

costing $29 per amplifier installed 



$ 17720 
19680 
8210 
1311 
1070 



TOTAL COST FOR EACH ADDITIONAL CABLJE 



$ 73920 
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Table .5; North St. Louis County Cable Network Costs 
(Re: Figure 2) (continued) 

For Each Additional Cable Installed Simultaneously ■ 

Total cost for single cable directly buried network ^i.mnn 
for north St, Louis County equals approximately q>i^iuuu 



Total cost for dual cable directly buried network for 
north St. Louis County equals approximately 



$215000 



Notes- a) Above cost estimates do not include the cost of equipment 

needed at headend and of equipment needed to connect users to 
network. These equipment costs will be estimated m Table 8. 

b) In direct burial construction, a concrete pedestal is 

required at each location where amplifiers are to be installed 
The pedestals house the amplifiers and allow maintenance to be 
performed through surface -mounted manhole covers. 
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On the other hand, the estimates for using aerial installation 
in north St. Louis County are given in Table 6. The cost o£ the 
first cable installed in lieu o£ other cable construction is 
approximately $86,000. Additional cables can be installed simul- 
taneously for a cost of approximately $56,000, about 65% of the^ 
cost of the first cable installed. If no other aerial cable construe 

tion is being done simultaneously, the cost of an aerial dual cable 

1 

dedicated network serving north St. Louis county would be $143,000; 
if other cable construction is being done simultaneously, the cost 
of the dual cable network is approximately $113,000. 

For the sake of illustration, assume that one half of north 
St. Louis County will be wired using direct burial installation, 
while the other half will use aerial constructjion. If no other 
cable construction is occuring, the cost o£ a single cable dedicated 
network using both aerial and direct burial construction would be 
approximately $113,000; i£ done simultaneously with other cable 
installation, a single cable network for north St. Louis County 
would cost approximately $65,000, about 57% o£ the cost o£ the 
single cable network when installed alone. Similarly, a dual cable 
dedicated network using 50% aerial construction and 50% direct 
burial construction when no other cable- construction was going on, 
would cost $179,000; i£ other cable construction was being carried 
out simultaneously, the cost would be $130,000. 

The estimated cost of the portion o£ the network serving south 
and west St. Louis County is given in Table 7. Because this portion 
o£ the network is made up o£ two independent spokes, both o£ which 
run parallel with spoke 2 from the headend to the intersection o£ 
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Tabl e 6: North St. Louis County Cable Network Costs 

[Re: Figure 2) 

Return Video Network All Aerial Construction ^ 

For a Single Cable 

14.38 miles o£ .75^' jacketed Styrenefoam coax 

costing $1500 per mile 
14,38 miles o£ single cable construction costing 

$2870 per mile 
7 .£wd. AGC/rev. AGC amplifiers costing $1026 , 

per amplifier 
16 fwd. AGC/manual rev. amplifiers costing $926 per 

amplifier 

1 fwd. AGC/manual rev. amplifier with bridging 
capabilities costing $1311 

TOTAL COST FOR SINGLE CABLE NETWORK 

For Each Additional Cable Installed Simultaneously 

14.38 miles of .75'' jacketed Styrenefoam coax 

costing $1500 per mile 
14.38 miles of additional cable construction 

costing $798 per mile 
7 fwd. AGC/rev. AGC amplifiers costing $1026 

per amplifier 
16 fwd. AGC/manual rev. amplifiers costing 

$926 per amplifier 
1 fwd. AGC/manual rev. amplifier with bridging 

capabilities costing $1311 

TOTAL COST FOR EACH ADDITIONAL CABLE 

Total cost for single cable aerially installed network 
for north St. Louis County equals approximately 

Total cost for dual cable aerially installed network for 

north St. Louis county equals approximately $143000 



Notes: a) The above cost estimates do not include the cost of equipment 
needed at headend and of equipment needed to connect users to 
network. These equipment costs will be estimated in Table 8. 

b) The above costs do not include utility pole rental fee 
estimated to be $300-$350 per year per strand mile. 



$ 21570 
41270 
7180 
14820 
1310 
$ 86150 

$ 21570 
11480 
7180 
14820 
1310 
$ 56360 

$ 86000 
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Table 7: South and West St. Louis County Cable 
Net\vork Costs (Re: Figure 3 > 



Return Video Network All Aerial Construction 

For a Sin gle Cable 

35,2 miles of .75'^ jacketed Styrenefoam coax 

costing $1500 per mile 
32.8 miles of single cable construction costing 

$2870 per mile 
2,4* miles of additional cable construction costing 

$798 per mile 
20 fwd. AGC/rev. AGC amplifiers costing $1026 

per amplifier 
35 fwd. AGC/manual rev. amplifiers costing $926 

per amplifier 
6 fwd. AGC/manual rev. amplifiers with bridging 

capabilities costing $1311 per amplifier 

TOTAL COST FOR SINGLE CABLE NETWORK 



For Each Additional Cable I nstalled Simultaneously 

35.2 miles of .75^^ jacketed Styrenefoam coax 

costing $1500 per mile 
35.2 miles of additional cable construction 

costing $798 per mile 
20 fwd. AGC/rev. AGC amplifiers costing $1026 

per amplifier 
35 fwd. AGC/manual rev. amplifiers with bridging 

capabilities costing $1311 per amplifier 

TOTAL COST FOR EACH ADDITIONAL CABLE 

Total cost for single cable network for south and 
west St. Louis County equals approximately 

Total cost for dual cable network for south and west 
St. Louis County equals appi'^oxirnately 



$ 52800 
94140 
1920 
20520 
32410 
7870 
$209660 

$ 52800 
28090 
32410 
7870 

$141690 

$210000 
$351000 



Notes: a) The above cost estimates do not include the cost of equipment 
needed at headend and of equipment needed to connect users to 
network. These equipment costs will be estimated in Table 8. 

b) Tlie above costs do not include a utility pole rental fee 
estimated to be $500-$350 per year per strand mile. 
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Big Bend Blvd. and Clayton Road, and one o£ which is parallel with 
spoke 2 all the way to Oakland Avenue, this estimate includes 2.4 
miles of the "additional cable construction" cost in the estimate o£ 
the single cable separately installed network. (See Figures 1 and 3.) 

The cost o£ a single cable network constructed in lieu o£ other 
cable construction would be approximately $210,000; i£ done simul- .. 
taneously with other cable construction, approximately $142,000."' 
The cost o£ a dual cable network installed alone would be approximately 
$351,000; i£ done is simultaneously other cable construction, approxi- 
mately $283,000. * • 
2.4.2 Costs o£ Equipment 

The cost estimates listed in Tables 4 through 7 consider only 
the cost o£ the coaxial cables, the repeater amplifiers, and 
installation o£ the cable distribution system. In addition, the 
costs o£ the equipment needed at the system headend and at the net- 
work users' premises must be considered. The cost o£ the equipment 
needed to interface programming sources with the cable network are 
listed here in Table 8. The headend must have equipment capable of 
connecting thirty-five channels of programming into the forward 
channels of each independent cable in the network, as well as equip- 
ment for processing the signals on each cable's four return channels. 
The cost of the equipment interfacing program sources with the cable's 
forward channels at the headend is approximately $57,000 per cable, 
or $285,000 for a cable system having five independent cable spokes. 
The cost per independent cable for the equipment needed to demodulate 
or change the frequency of signals on each cable's four return 
channels is approximately $6,700, or $34,000 for a five spoke 
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Table 8: Equipinent Required At Headend and On 
Premis es To Interface PrograTaming into 
C^blc Network lyj 



F or Outgo ing Signals On Each Independent Cable At 
"^ ^rhe Hea dend (35 Channels) 

35 video inodulators each costing $1225 
35 passband filters each costing $ 100 
35 channel consoles each costing $ 200 
6 six-channel combining networks each costing $105 
1 signal splitter costing $30 
1 directional coupler costing $30 
Equipment installation and checkout- 
TOTAL OUTGOING SIGNAL HQUIPMl'NT COST PER INDHPENDENT CABLE 

For Incoming Signals On Each_^ Indepe ndent Cable At 
The lieadcn d ( 4 Channels) 

8 passband filters costing $100 each 
4 signal processors costing $1150 each 
4 VilF/\aiF converters costing $240 each 
Equipment installation and checkout (estimated) 
TOTAL INCOMING SIGNAL EQUIPMENT COST PER INDEPENDENT CABLE 

For Each Channe_l__of PrograiTiming To Be Originated 
From User Premi ses 

1 video modulator 
1 passband filter 
1 channel console 
TOTAL REMOTE SIGNAL ORIGiNAlJON EQUIPMENT COST PER CHANNEL 



$ 42880 
3500 
7000 
630 
30 
30 
3000 
$ 57070 



$ 800 
4600 
960 
380 

"$ 6740 



$ 1230 
100 
200 

$ 1530 



Note; Because the cost of physically connecting each institution to 
the cable system is insignificant compared to the total 
system cost, it will not be considered, Prices given are 
1972 prices. 
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The cost of programming origination equipment, such as the cost 
of the computer system supplying CAI, and the cost of classrooms 
suitably equipped to allow remote viewing of lectures will be con- 
sidered in the next chapter. These costs are dependent on the "services 
package" used, and therefore do not really constitute part of the 
cable distribution system. 

Finally, the equipment required to interface a video signal 
originated at a user's premises with one of the network's return 
channels costs approximately $1500. This estimate does not include 
the cost of the small diameter cable which normally would be used to 
connect the user's premises to the network trunk cable, nor does it 
include the labor costs of the connection. The costs of physically 
connecting each user to the cable network has been disregarded in 
the cost estimates presen,ted in this chapter, because the connection 
costs are insignificant either when compared to the total network 
cost or when compared to the cost of wiring each building to receive 
educational -services. However, if a CATV network were being 
designed, due to the large number of users served, these "hookup" 
charges would be significant. The dedicated networks presented 
here, on the other hand, only serve forty-one users; as a result, 
the cost of connecting each institution to the distribution network 
can be disregarded in the total system cost estimate. 

In Table 9, the total cost for the return video dedicated cable 
network serving the St. Louis metropolitan area is determined. 
Assumptions made in developing this cost estimate are that the network 
is being constructed without any other simultaneous network construc- 
tion, that the portion of the network serving north St. Louis County 

[5i 
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Tabl e 9: Estimated Cost of the Cable Dist r ibution 
Network Serving the St. Louis Metropolitan 
Area Return Video Network 



For a Singl e Cable Network 

Cost o£ network serving St. Louis City area 
' Cost o£ network serving north St. Louis County 
(50% aerial construction, 50% direct burial 
construction) 

Cost o£ network serving south and west St. Louis County 
Cost o£ equipment £or headend serving £ive independent 
cables (see text) for outgoing signals 

for incoming signals 
Cost of modulators allowing colleges and universities 
to interface eighteen channels of video programming 
onto the network costing $1550 per modulator 

TOTAL COST FOR SINGLE CABLE DISTRIBUTION NETWORK 



$127000 



113500 
210000 

285000 
34000 



27500 
$797000 



For a Dual C abl e Network 

Cost of network serving St. Louis city area 
Cost of network serving north St. Louis County 

(50% aerial construction, 50% direct burial 

construction) 
Cost of network serving south and west St. Louis 

county 

Cost of equipment for headend serving ten 

independent cables (see text) for outgoing signals 

for incoming signals 

Cost of equipment allowing users to- interface 
thirty-six cliannels of video programm-ing onto 
the network 

TOTAL COST FOR DUAL CABLE DISTRIBUTION NETWORK 



$236000 

179000 

351000 

571000 
67000 

55000 
$1459000 



Note: The above costs do not include monthly utility pole and conduit 
rental fees, nor the cost of connecting each institution into 
the network. These costs, hov;ever do not constitute a signifi- 
cant portion o£ the total distribution costs; 
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will be installed using one half direct burial construction and one 
half aerial construction, and that the universities and colleges 
served by the network will, in the case of a single cable network, 
have a total of eighteen modulators capable of interfacing one 
channel of video programming onto the network and will have a total 
of thirty-six modulators in the case of a dual cable dedicated network. 
Under these assumptions, the cost of a single cable dedicated network 
having video return capabilities is estimated to be $797,000; the 
cost of a dual cable dedicated network is estimated to be $1,459,000. 
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5 . AN ANALYSIS OF THE SERVICES ABLE TO BE 
OFFERED ON THE DEDICATKU 
EDUCATIONAL NETWORK 



3.1 INTRODUCTION 

Chapt-er 2 discussed the factors affecting the performance of 
coaxial cable networks to illustrate the types of technical and 
economic tradeoffs that the designer of educational networks must 
consider. On the basis of this information a bidirectional 
dedicated cable network was designed which could be used to deliver 
educational services to institutions in the St. Louis' metropolitan 
area, and estimated its costs. 

This chapter discusses the types and amounts of services that 
can be delivered over the dedicated coaxial cable networks. All 
the examples given are based on the single cable return video network 
option. The capital investment required to implement each service 
is estimated. In addition, the "per user contact hour" cost of 
each service is determined, allowing a cost comparison of the 
different services. These cost estimates indicate that although a 
versatile nontraditional educational communications system would 
require a fairly sizeable initial capital investment, the equipment 
and communications costs of the services per user contact hour are 
relatively low. 

3.2 DETERMINING COMMUNICATIONS COSTS OF THE DEDICATED CABLE NETWORK 

The first step in developing cost figures on a "per user contact 
hour" basis is to determine the cost of the communications channels 
that will be used to distribute the various network services. We 
can do this by assuming that each network component has a known 
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useful life and that the capital required to obtain the component 
is available as a loan at a given rate o£ interest. Knowing this 
information, the amount o£ money that must be paid each year in order 
that the loan would be completely repaid by the end o£ the component's 
useful life can be determined using standard accounting tables. This 
yearly payment is equivalent to the network component's yearly - 
cost. The component's hourly cost is determined by dividing its 
yearly cost by the number of hours that the component will be used 
per year. Similarly, the communications cost per channel hour of a 
dedicated educational network can be determined by dividing its 
yearly cost by the product of the number of iiours that the network 
operates per year and the number of network channels. 

This approach to determining the communications cost per channel 
hour largely disregards the effects of inflation; it is felt, however, 
that the approach is correct for the following reason. Unlike most 
commercial^entures in which an investor is interested in realizing' 
a profit on his equity after inflation, the nature of the dedicated 
networks discussed here is such .that they would more likely be run 
on a nonprofit basis. As a result, we need not consider the effects 
of inflation on equipment costs other than to the extent that 
inflation affects interest rates. This applies either to capital 
raised through commercial loans or to capital raised by a bond 
issue. 

Commercial CATV systems are typically assamed to have a twenty 
year useful life (12); therefore the cost of the dedicated educa- 
tional network needs to be amortized over twenty years. Electronic 
equipment, on the oth^r hand, is usually assumed to have a useful 
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life of five years (13); thus, the equipment required at the system 
headend needs to be amortized over a period of five years. Using 
these amortization figures, the communication costs per channel 
hour are determined. 

The cost of the single cable network serving the St. Louis city 
area (refer to Figure 1 and Table 9) if installed independently is 
$127,000, ' Assuming that the network^ s cost is to be repaid over a 
twenty year period at an interest rate of 8% per year, the yearly 
cost of the network serving the St. Louis city area is: (14) 

Cost per year = _^A27VqOO_ ^ $12,900 per year. 

1 i 

20 

(1 -f .08)^ 

:08 (3.1) 
Similarly, the cost of the equipment needed at the system* s 
headend to interface program sources with a spoke's thirty-five six- 
NiHz forward channels is shown in Table 8 to be $57,000. Amortizing 
the equipment oyer a five year period at an interest rate of 8% 
per year, the yearly cost of the equipment is: 

Cost per year = $57^000 ^ $14,300 per year. 

^ " ~ 5~ 

(1 + ,08) 

:08 (3.2) 
The equipment's cost per channel hour can also be determined. 
Assuming that the educational network is 6perated eight hours per day, 
300 days per year, and recalling the network is capable of carrying 
up to thirty-five six-MHz forward channels per cable, it can be seen 
chat there are potentially 84,000 forward channel hours available 
per cable per year. Therefore, the cost of the forward channel 
interface equipment is given by 
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V Cost per year _ $14500 _ d;n 17 npr channsi 

Cost per channel hour = channel hours ' "84000 " ^ hour 

per year (3.3) 

The communications costs o£ the single cable return video network 

are listed in Table 10. 

3 3 TECHNICAL AND ECONOMIC FACTORS AFFECTING THE TYPES OF SERVICES 
OFFERED ON THE DEDICATED EDUCATIONAL COMMUhJICATIDNS SYSTEM 

This section discusses the technical characteristics determining 
the quantity o£ each educational service that might be carried on 
the dedicated cable network. In addition, the costs o£ the equipment 
needed to offer each educational service are outlined and the cost 
per user contact hour for each of the services is estimated. 
3.3.1 Televised Lectures with Interactive Remote Audio Capability 

Lectures given at the universities, colleges, and medical 
schools on the network can be televised for reception at remote 
locations at other institutions served by the network. By utilizing 
the return audio channels, students at remote locations can interact 
with the lecturer, thereby overcoming one of the inherent disadvantages 
of one way television. Televised lectures can'thus make it possible 
for employed students to continue their educations more conveniently. 
Further, they can broaden the range o£ subject matter available to 
students in traditional academic environments, as well as allowing 
area educational institutions to share the teaching of basic 
courses, thus freeing more faculty time fo^ research or increased 
interaction with students. 

Three sets of equipment are required to televise lectures over 
the network. They include the equipment needed for tue studio 
classroom, for the studio control booth, and for the receiving 

57' 



^-50-- 



Table 10: Per Channel Hour Comnmnication Costs For The 
Single Cable Return Video Network Serving 
The St, Louis Metropolitan Area 



Area served Cost per channel hour per spoke 

Forward Channels Return Channels 

St. Louis City (Re: Figure 1) 23. 9i 24. 4^ 

North St. Louis County ^ ^ 

(Re : Pa gure 2 J ^ ^ 



South and IVest St. Louis County no a oo n 

(Re: Figure 3) ^^-"^^ ^^-^^ 



Notes: a) The above costs are for a single cable network having return 
video capability and constructed in lieu o£ other cable 
construction . 



In determining the above costs, it was assumed that the 
cable plant lias a useful life of twenty years, while the 
headend equipment has a useful life of five years. An 
interest rate of 8% per year on the network's required 
capital investment was also assumed. 

c) Co-st per channel hour refers to the cost of using a six-MHz 
bandwidth channel in one spoke for one hour. If only a 
portion of a six-MJIz bandwidth channel is required, its cost 
per hour can be determined by interpolating the costs 
given above. 

dj Tlie cost of the" equipment required to allow users to inter- 
face with the network's return channels is not included in 
the costs given above, but will be included in the cost of 
the equipment required to distribute each type of educational 
service to be carried on the network. 

e) The communications cost estimates given above assume one- 
hundred percent utilization of the available network 
bandwidth (tli j rty-f j ve forward channels and four return 
channels per network spoke). 
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classrooms. The components o£ each o£ these sets will be described 
below, as will the role o£ the headend o£ the network in providing 
this service. 

For studio classrooms, several television cameras are typically 
used. One camera located at the rear o£ the classroom televises, 
the lecturer and any notes that are written on the blackboard, 
while another camera mounted on the ceiling above the lectern allows 
students to view written materials displayed on the lectern. A 
third camera may be positioned behind the lecturer to pick up the 
audience. In addition, the studio classroom must have audio 
facilities both £or the lecturer and to allow remote students to 
hear the questions o£ students sitting in the studio classroom 
and vice versa. Finally, television monitors are needed so that 
the lecturer can observe the televised presentation and students 
in the studio classroom can observe on monitors any written materials 
or visual aids such as films or video tapes that the lecturer 
includes in the televised presentation. Experience with similar 
studio classrooms in typical university instructional television 
systems using Instructional Television Fixed Service (ITFS) trans- 
mission has indicated that the average cost in 1971 prices* for 
the equipment in a studio classroom is $23,000. (15) 

Each studio classroom requires a studio control booth from 
which the television cameras can be operated, films and tapes can 
be shown, and special effects can be arranged. Special effects 
might include split-screen views simultaneously showing the lecturer 
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and a visual aid. A typical studio control booth for a university 
instructional television system cost $19,000 per classroom. (15) 
In an ITFS instructional television system, programming from the 
studio booth typically is routed to a master control center where 
the programming is transmitted throughout the system. However, in 
a dedicated cable network, the master control function is accomplished 
at the cable system* s headend. As a result, a modulator is required 
in studio control booths distributing programming on a coaxial 
cable network to allow video lectures to be interfaced with the 
network* s return channels. Therefore, we estimate that tlte total 
cost of the equipment required in a studio classroom's control 
booth is $20,500. 

The receiving classrooms require several different types of 
equipment to allow remotely located students to view the televised 
lecturers and to interact i>^ith the lecturer. First, each receiving 
classroom must have at least one television monitor. However, 
experience with instructional television systems has shown that one 
monitor for each group of eight students seated facing the monitor 
in two rows of four behind tables is an optimal arrangement. In 
addition, equipment allowing the remote students to interact with 
the lecturer is required. * 

An example of suitable equipment with interactive audio capabilit 
is the terminal designed for use with the Vicom Manufacturing 
Company's Queset interactive cable television system. (16) These 
terminals perform several functions. They contain a 26-channel 
converter which allows standard VHP television sets to receive cable 
channels having nonstandard frequency assignments, and each terminal's 
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keyboard and internal character generator allow alphanumeric messages 
to be sent or received from any terminal in the system. In addition, 
each terminal contains an audio modulator that can be activated 
from the cable system's headend, allowing lecturers to control 
the times during the lecture in which questions from remote students 
are answered. 

Terminals similar in function to Vicom's Queset terminals but 
modified to allow several microphones to be used per terminal are 
suitable for use in receiving classrooms. An estimate of the cost 
of the modified Queset terminal is $230, while an estimate of the 
cost of the monitor and the furniture required in each eight person 
receiving classroom module is $965. 

A minicomputer system is required at the network headend to 
allow polling of the module terminals and to indicate to lecturers at 
which terminal students have.^a question, so that the appropriate 
terminal's modulator can be activated. The price of a polling 
system capable of serving up to 10,000 terminals is $45,000 for the 
computer system plus $15,000 for the required software. (16) If 
no more than several hundred terminals were required in the televised 
lecture service, the polling function could probably be accomplished 
on the same computer used to provide computer aided instruction. 
Therefore the cost of a separate polling system has not been 

included in the estimate of cost of the equipment required to provide 

televised lecture interactive service presented here. 

Finally, the cost of operating the televised lecture service 

should be considered. The cost of operating a university instructional 

television system using an ITFS transmission network for program 
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distribution varies from thirty dollars per program hour in a four 
channel system; the reduction in cost can be attributed to economies 
o£ scale. (15)' The operating costs o£ providing televised lectures 
over a dedicated cable network would differ from those of a^system 
using ITFS transmission in two ways. First, the number of lectures 
that could be simultaneously carried on a dedicated cable network 
would be much larger than 'an ITFS network^s maximum of four channels 
as a result, one could expect that further economies of scale could 
be realized with a cable network. On the other hand, .all of the 
studio classrooms in the ITFS instructional television systciiis are 
located together, while the studio classrooms serving users of a 
dedicated cable network would be located at the individual colleges, 
universities, and medical schools served by the network. Therefore, 
negative economies of scale might be experienced as the number of 
program origination points increased. Considering both of these 
factors, we assume that the cost of providing televised lectures 
to cable system users is seventeen dollars per program hour, regard 
less of the number of lectures that can 'be simultaneously carried 
by the cable system. 

To determine the amount of televised lectures services that 
can be offered, the servicers cable bandwidth requirements must be 
examined. If a studio classroom is not at the cable system's 
headend, one return channel in its own spoke is needed to transmit 
a televised lecture to the headend for distribution. From the head 
end, each televised lecture requires one forward channel and one 
twenty-kHz return audio channel per spoke on which it is to be 
received. Further, to poll the receiving classroom terminals for 
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questions from students, forward and return bandwidth are 
required in each of the network's spokes for digital data trans- 

mission. - ^ 

Thus the number of televised lectures that the network can 
carry is limited by ihe amount of available return bandwidth on the 
network. Each cable has twenty-five MHz of return bandwidth, 
allowing up to four lectures per spoke to be simultaneously originated. 
We assume in the services packages designed here, however, that no 
more than three lectures are originated simultaneously from remotely 
located classrooms on any cable spoke. These three lectures require 
the use of eighteen MHz of return cable bandwidth; the remaining 
seven MHz of return cable bandwidth is required to allow the other 
network interactive services to be offered. 

under these assumptions, a maximum of fifteen lectures -'iginated 
from studio classrooms remotely located from the system headend 
car. be simultaneously carried on the network. The educational 
institutions from which the lectures might originate however, are 
not evenly dispersed throughout the network. Because of this, in 
some cable spokes institutions will be required to share the availa- 
ble return channels, while in other spokes, all of the available 
return channels would not be used. Since lectures originated at 
the cable system's headend do not require the use of return cable 
bandwidth for transmission, the total number of lectures originated 
from there is limited only by the forward channels available in the 
network's five spokes. Thus, the amount of services which can be 
offered on the network depends upon both the bandwidth available and 
the locations of the institutions using the network. 
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Assume that 18 studia ciassrooms located as follows: two studio 
classrooms at each o£ the three universities served by the network; 
two classrooms at each of the three community colleges served by the 
network; one classroom at each o£ the two medical schools served by 
.the network; and one classroom at each o£ the network's four liberal 
art colleges. These assignments are made partly to equalize the 
number o£ studio classrooms per spoke and partly in anticipation of 
the amount of programming which might originate from each of the educa- 
tional institutions considered. If these classroom locations are 
used, the five studio classrooms at institutions served by cable 
spoke number one (Figure 1) share the spoke's three available return 
channels. Each of the three classrooms served by spoke number two 
(Figure 1) has the use- of its own dedicated return channel, while 
the four classrooms served by the cable network's third spoke (Figure 
2) share its three available return channels. Only one studio 
classroom is located on spoke four (Figure 3), while each of the three 
studio classrooms located on spoke five (Figure 3) has the use of 
its own dedicated return channel. Because the network design assumes 
that the system headend would be located at Washington University, 
the two studio classrooms located there would not require any of 
the network's return channels; they would be connected directly to 
the cable system's headend. 

It can be seen that the eighteen studio classrooms can simul- 
taneously originate up to fifteen lectures, requiring fifteen 
forward channels and fifteen twenty-kHz bandwidth return audio 
channels per spoke. A total of thirteen return video channels is 
required to carry programming from remote studio classrooms to the 
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headend, and 125 kHz o£ bandwidth is required in both the forward and 
return bandwidth o£ each cable spoke to aTlow polling o£ the receiving 
classroom terminals. With this information, ahd using the per 
channel hour communication costs listed in Table 10, the hourly 
communication cost o£ providing televised lectures with interactive 
audio capability is summarized below: 



Spoke number 


1 


2 


3 


4 






Forward channels required* 


15.02 


15.02 


15.02 


15.02 


15. 


02 


Return channels required* 


3.07 


3.07 


3.07 


1.07 


3. 


07 


Hourly cost o£ required 


$3.59 


$3 . 59 


$4.41 


$4.27 


$4 


27 



forward channels 

Hourly cost o£ required $0.75 $0.75 $0.92 $0.31 $0.89 

return channels 

From the above figures, it can be seen that the per system hour 
forward communications cost of distributing televised lectures is 
$20.13; while the per system hour return communications cost is 
$3.62; the total communications cost of distributing televised 
lectures with return audio capability is $23.75 per system hour. 

To determine the costs of televised lectures per user contact 
hour, the number of students that will be able to vie| the lecture 
must be estimated. Assume that the three universities and the 
three community colleges served by the network each have receiving 
facilities for 128 students, while the four colleges and two medical 
schools served by the network each have receiving facilities for 64 



*Channels as used here refers to six-NWz bandwidth video funnels 
Fractions of channels required refer to the required bandwidth of 
audio: and digital signal transmission services. 
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students. In addition, assume the twenty-nine hospitals and industries 
served by the network are receiving facilities for sixteen students 
each. Thus, up to 1616 students could view the fifteen lectures 
simultaneously distributed over the dedicated educational network, 
and the cost per user contact hour would be 23.6<j:. 

Using amortization assumptions similar to those used in deter- 
mining per channel hour communication costs, the cost of providing 

televised lectures with interactive audio capabilities is outlined 
\ 

in Table 11. , 
3.3.2 Central Refresh TICCIT CAI Services 

In this service, a TICCIT system similar to the interactive 
television system proposed by the MITRE Corporation to provide 
services to cable television subscribers (12, 17) allows computer 
aided instruction to be received at terminals located at the institu- 
tions served by the network. Modes of instruction include computer 
generated displays, computer selected audio, and computer selected 
videotapes. IVhile the MITRE interactive television system was 
designed to serve up to 1000 home terminals on a time sharing basis, 
the'^dedicated cable system designed for St. Louis would serve up 
to ninety dedicated terminals full time. (This assumes that the 
ninety terminals would receive enough use to warrant assigning one 
cable channel exclusively to one terminal. If the terminals did 
not receive full time use, additional terminals could be added to 
the system to take advantage of the spare computer and channel 
capacity available.) The centrally refreshed system allows video- 
tapes to be included as a part of the instruction mix. If video- 
tapes are not be used, the remotely refreshed TICCIT system described 
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Table 11: The Estimated Cost of Providing 
Televised Lectures 



Cost o£ equipment for 18 studio classrooms 
Cost o£ equipment for 18 studio control booths 
Cost of 202 receiving classroom modules 
accommodating 1616 students 

TOTAL CAPITAL INVESTMENT REQUIRED 



$414,000 
369,000 

195,000 

$978,000 



Total equipment cost per system operating hour* 
Total communication cost per system operating hour 
Total support cost per system operating hour*^ 

TOTAL COST OF TELEVISED LECTURE SERVICE PER SYSTEM 
OPERATING HOUR 



$102.05 
23.75 
255.00 

$380.00 



Communication cost per student contact hour equals l.Scj: 
Total cost of service per student contact hour equals 23.6<(: 



*Equipment amortized over five years, with 2400 hours of operation 
per year. An interest rate of eight percent per year has been 
assumed. 

**15 channels at $17.00 per program hour. 
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in section 3.3.3 allows TICCIT CAI services to be supplied without 
requiring one forward cable channel per terminal. 

The equipment costs o£ the proposed interactive television 
system are given in Table 11 o£ our previous report (1), which is 
repeated on the following page for convenience. Of the listed 
equipment, the telephone parts and the trailer which would contain 
the TICCIT computer system are not required in a system serving 
users of the dedicated network. In addition, 1000 home terminals 
would not be required; required instead are the ninety dedicated 
terminals which each require a color television receiver, a converter 
for receiving cable channels having nonstandard frequency assign- 
ments, a keyboard and associated digital circuitry. Assuming 
suitable television receivers can be bought for $350, that converters 
cost $50 each, and that the TICCIT keyboard and electronics cost 
$400, each terminals served by centrally refreshed TICCIT system 
would cost $800. 

The MITRE Corporation estimates that the cost of operating the 
proposed interactive television system for three years is $463,000, 
exclusive of the salaries required for personnel to evaluate the 
experimental system's effectiveness and act as liasons with 
community organizations, and for their travel expenses during the 
three year experiment. (17) We will therefore estimate that the 
yearly cost of operating a TICCIT sy?tPm is uiie-third of that, or 
approximately $154,000. 

Because centrally refreshed TICCIT terminals require the full 
time use of a forward cable channel, the number of terminals that 
can be assigned to any particular institution depends upon how many 
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TICCIT System Equipment Costs (1) 
(1974) 



Computing System 

Video System, Audio and Video Interface 
Home terminals (1000) * 
Analog Storage 
Spares 

Test Equipment 

Computing Supplies • ^ 

(Tapes, Discs, and Paper) ^ 

Telephone Parts* 

Trailer, shielded with air conditioning and 
raised floor 

Total 



$229,825 
381,660 
400,000 
20,000 
30,000 
20,000 

16,000 
10,000 
... 40,000 

$1,147,485 



*Equipment is used to establish a telephone data link from the 
Stockton TICCIT system to the Mitre Corporation's headquarters 
in Virginia. 
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institutions are to be served on a particular cable spoke and how 
much forward cable bandwidth is available. For example, i£ we 
assume that the central refresh TICCIT system's ninety terminals are 
distributed evenly among the forty-one institutions served by the 
network, each institution has the use of approximately two centrally 
refreshed TICCIT terminals. This requires that forty dedicated 
channels be available to serve the twenty institutions located on 
spoke one (Figure 1), while only eight channels are required to 
serve the four institutions located on spoke three (Figure 2) . Since 
each spoke has only thirty-five forward channels, and since some 
of these are required for other services, it is obvious that all of 
the institutions in the system cannot receive the same amount of 
centrally refreshed TICCIT services. For similar reasons, all 
participating institutions of a similar type (e.g., industries or 
hospitals) could not receive equal amounts of centrally refreshed 
TICCIT services. Thus, the amount of service an institution can 
receive depends on the number of users to be served on its spoke. 

To estimate the communication costs of operating the centrally 
refreshed. TICCIT system, the terminal density per system spoke must 
be determined. Assuming that fifteen forward channels will be 
required per spoke to distribute televised lectures and that two 
channels will be required to carry digital signals, a maximum of 
18 channels per spoke are available to distribute centrally refreshed 

TICCIT services. 

Given 18 available channels per spoke, the following terminal 
placement has been assumed. In spoke one (Figure 1), St. Louis 
University could have two terminals, while the thirteen hospitals 
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and other three educational institutions (excluding Washington 
University at the system headend) could each receive one centrally 
re£resh-ed TICCIT terminal. Centrally refreshed TICCIT services 
would not be available to the three industries served by spoke one 
as the eighteen available channels are required to serve the 
educational institutions and hospitals. On spoke two (Figure 1) 
each o£ the two colleges would use six TICCIT terminals, while the 
three hospitals receive one terminal each, requiring a total o£ 
fifteen forward channels. On spoke three (Figure 1)\ the two 
educational institutions served could receive six terminals each, 
with two terminals alloted to each of the two industries, requiring 
sixteen forward channels. On the fourth spoke (Figure 3) the one 
college would be alloted six terminals, while the four hospitals 
and two industries served would each be alloted two terminals, 
requiring the full eighteen channels. On the frfth spoke (Figure 3), 
the two educational institutions would each be alloted six TICCIT 
terminals, while the hospitals would be alloted two terminals each, 
requiring sixteen forward channels. The above terminal assignments 
account for eighty-three of the ninety terminals that the system 
can support. The remaining seven terminals would be at Washington 
University which being at the system headend, would not require 
the use of any of the network's forward channels. 

The above terminal assignments?' are only suggestions. A different 
set of terminal assignments might be chosen depending on the needs 
of the institutions involved. If many of the institutions did not 
require full time use of the centrally refreshed TICCIT services, 
additional terminals could be added in the network to use the 
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available channel and computer capacity through sharing. 

To allow polling o£ the ninety centrally refreshed TICCIT 
terminals, 225 kHz equivalent bandwidth is required in each- spoke's 
forward and reverse bandwidth. In stating bandwidth requirements 
in terms of equivalent bandwidth, the information bandwidth, rather 
than the actual bandwidth required to pperate the system, is 
stressed. More specifically, consider the following example. 
MITRE'S proposed interactive television system used 2.5 MHz channels 
in each spoke's forward and return bandwidths. in order to poll 
1000 user terminals. The system for use in the dedicated educational 
system, on the other hand, has only 90 terminals and therefore, 
requires an equivalent bandwidth 90/1000 that of the 1000 terminal 
system. By expressing digital signal bandwidths in terms of equiva- 
lent bandwidths, the total bandwidth required for a polling system 
addressing several types of different terminals can be easily 
computed. If only one kind of service were to be offered, on the 
other hand, the actual bandwidth used by the polling system would 
be a better measure of the required bandwidth. 

The channel requirements per spoke and, referring to Table 10, 
the communications costs associated with operating the centrally 
refreshed TICCIT CAI system on the St. Louis dedicated network are 
summarized below. 

C ommunication Requirements of Central 
Refresh TICCIT Services 

1 2 3 4 5 

Spoke number ^ 

■ A* 1R DA 15 04 16.04 18.04 16\04 
Forward channels required* 18.04 it..U4 



*rhannels refers to 6 MHz bandwidth television channels. Fractions 
SSrequIvalent bandwidths required -for digital polling of terminals. 
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Return channels required* 

Hourly costs of required 
forward channels 

Hourly costs of required 
return channels 

The hourly communication cost of running the system is equal to 
$22.36. Assuming a ninety terminal system, the resulting communica- 
tion cost per user contact hour is twenty-five cents. Assuming 
that the required TICCIT equipment will be amortized over five years 
at an interest rate of 8% per year, the total cost of providing 
centrally refreshed TICCIT services is summarized in Table 12. 
3.3.3 Remote Refresh TICCIT CAI Services 

The centrally refreshed TICCIT system described in the previous^ 
section, requires the use of one channel per terminal so that the 
instruction mix offered could include computer selected videotapes. 
With -this large bandwidth requirement, the proposed single cable 
dedicated network is limited to one centrally refreshed TICCIT 
system, servicing ninety terminals, not a significant number. The 
number of channels required to operate the TICCIT system can be 
decreased by installing video refresh memories (frame grabbers) at 
the terminals instead of the headend. Then only one channel per 
spoke is required to operate the TICCIT system. Each computer 
generated frame is sent to a terminal only once, where the terminal's 
television display is refreshed by its internal video refresh 
memory. Thus, each new frame generated requires the use of the 
network forward channel only for one-sixtieth of a second; up to 



*Channels refers to 6 MHz bandwidth television channels. Fractions 
refer equivalent bandwidths required for digital polling of terminal?. 
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0.04 
$4.31 

1.0^ 



0.04 
$3 . 59 

1.0^ 



0.04 

$4.72 

1.2(j: 



0.04 
$5.12 

1.2ij: 



0.04 
$4.56 

1.2<f: 
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TabXe 12:- The Estimated Cost of Providing Central 
Refresh TICCIT Services 



Central Refresh tiCCIT Equipment Costs 
confuting systen, 

Video System, Video and Audio Interface ^ o nnn 

90 Central Refresh TICCIT Terminals nn 
Analog Storage 

^P^""^^ . 20 000 

Test equipment ^^'^^^ 

Computing Supplies lo.uuu 



TOTAL CAPITAL I^A/EST^>IENT REQUIRED $775,000 

Total equipment cost per system operating hour* $80.87 

Total communication cost per system operating hour 22.36 

Total support cost per system operating hour** 64.38 

TOTAL COST OF CENTRAL REFRESH TiCCIT SERVICES PER SYSTEM $167.61 
OPERATING HOUR+ 

Communication cost per student contact hour equals 25 ^ 

Total cost of service per student contact hour equals $1.86 



*Equipment amortized over five years, with 2400 hours of operatic 
per year. An interest rate of eight percent per year has been 
assumed. 

**2400 hours of system operation yearly assumed. 

+This figure does not include the cost of developing courseware 
the system Courseware development costs have been estimated a 
$375,000 per subject per semester. (18) Were TICCIT systems to 
become more widely used, however, standard courseware packages 
would probably be offered at a much' reduced price. 
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3600 computer generated frames could be transmitted per second by 
one forward cable channel. Of course, because the channel is time 
shared by all of the remotely refreshed TICCIT terminals, videotapes 
requiring an entire channel for distribution can no longer be 
received. However by reserving several voice channels on the cable's 
forward bandwidth and incorporating computer controlled FM receivers 
into the remotely refreshed TICCIT terminals, computer selected 
audio messages can still be included in the TICCIT courseware's 
instruction mix. 

The equipment required for a remotely refreshed TlCCIT system . 
differs from that of a centrally refreshed TICCIT system in two ways. 
First, in addition -to the color television, converter, and TICCIT 
keyboard and digital electronics included in the terminals of the 
centrally refreshed systems, the terminals of the remotely refreshed 
TICCIT system also include a video refresh memory and a computer 
controlled FM receiver allowing computer selected audio to be 
received. MITRE estimates the 1973 cost of a digital video frame 
grabber producing saturated color displays with no **grey** scale as 
being $875. (19) Similarly, the cost of the remotely controlled 
FM receiver is estimated as being $150. The addition of this equip- 
ment raises the equipment cost per remote refresh terminal to $1825. 

The second difference in the equipment required for a remotely 
refreshed system is that the complex video system of the centrally 
refreshed TICCIT system (which included twenty computer controlled 
video tape recorders) is not required. The centrally refreshed 
system required a video switching frame capable of interfacing the 
computer system* s ninety output channels with the cable system. 
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The remotely refreshed system, on the other hand, requires a 
switching frame that will interface the computer's single video 
output channel (which is composed of single frames that are selected 
and stored at the appropriate terminals) and twenty audio output 
channels onto the five spokes of the cable system. MITRE estimates 
the cost of this simplified video system, which no longer includes 
twenty video tape recorders, to be $18,000. The reduction in video 
system costs from $382,000 for the central refresh TICCIT system 
to $18,000 for the remote refresh TICCIT system compensates for 
the higher cost of the remote refresh terminals. 

The remotely refreshed TICCIT system requires partial use of 
one forward channel per network spoke, plus 400 kHz bandwidth for 
twenty channels of audio programming and a 225 kHz equivalent hand- 
width for digital polling in each spoke's forward channels. 225 

kHz equivalent bandwidth is required in each network spoke's 
return bandwidth to aliow terminal-to-headend communication. Refer- 
ring to Table 10, the hourly cost of 1.1 forward channels per spoke 
is $1.47; the hourly cost of 0.04 return channels per spoke is 5.5 
cents. Therefore, the hourly communication cost of operating one 
remote refresh TICCIt' system is $1.53; assuming a ninety terminal 
system, the communication cost per student contact hour is 1.7*. 

Finally, we have assumed that the yearly support costs for the 
remote refresh TICCIT system are the same as the yearly support 
costs for the central refresh TICCIT system, $154,500. Assuming that 
the equipment required for the remotely refreshed TICCIT system 
will be amortized over a five year period at an interest rate of 
eight percent per year, the total cost of providing remote refreshed 
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TICCIT CAI services is summarized in Table 13, 

Since a single remote refresh TICCIT system does not use the 
six MHz bandwidth forward channel to its full capacity, several 
remote refresh TICCIT systems could share the forward cable channel. 
For example, assuming that each TICCIT terminal requires three new 
frames to be generated per minute, each TICCIT computer system 
serving ninety terminals generates only 270 frames per minute. The 
forward video, channel, on the other hand, can distribute up to 3600 
frames per minute; thus, the channel utilization per ninety 
terminal TICCIT system is 7.5 percent. If eight TICCIT systems 
were to use the same channel to distribute TICCIT still frames, 
assuming that a scheduling arrangement among the systems was made 
so that transmissions from the different systems did not overlap, 
then the forward channel would still only have 60 percent utilization. 
Each of the eight systems would require the use of the 6 MHz 
forward channel only 7.5 percent of the time. In addition, each 
remote refresh TICCIT sptem would require 0.1 forward channel per 
spoke and 0. '04 return channel per spoke for a total of 0.225 forward 
and 0.04 return channels required per spoke per system. 

With eight remote refresh TICCIT systems sharing one channel, 
the hourly communication cost for each system would be 35.6 cents 
and, referring to Table 13, the total hourly cost of operating each 
of the eight remote refresh TICCIT systems would be $115.14. Thus, 
720 remote refresh TICCIT terminals could be serviced at a per 
student contact hour cost of $1.28. Additional economies of scale 
might be realized by using one large terminal processor rather than 
eight small TICCIT terminal processors to handle communications 
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Table 13: The Estimated Cost of Providing _Remot£ ^. 
Refresh TICCIT Services 



Remote Refresh TICCIT Equipment Costs 

c. ^ $230,000 

Computing System iazi nnn 

90 Remote Refresh TICCIT Terminals 18 000 

Video System ^^'^qqq 

Spares 20,000 
Test Equipment 

Computing Supplies ' 

TOTAL CAPITAL INVESTMENT REQUIRED $483,000 

Total equipment cost per system operating hour* $ 50.40 

Total communication cost per system operating hour 1-53 

Total support cost, per system operating hour** (^^-^^ 

TOTAL COST OF REMOTE REFRESH TICCIT SERVICES PER SYSTEM $116.31 
OPERATING HOUR+ 



Communication cost per student contact hour equals 1.7^ 
Total cost of service per student contact hcui equals $1.29 



*Equipment amortized over five years, with 2400 hours of operation 
per year. An interest rate of eight percent per year has been 
assumed . 

**2400 hours of yearly system operation assumed. 

•^This figure does not include the cost of developing coursei.are for 
the system. Courseware development costs have been estimated as 
$375 000 per subject per semester. (18) Were TICCIT systems to 
become more widely used, however, standard courseware packages 
ivould probably be offered at a much reduced price. 
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scheduling for the eight TICCIT computer systems. 
3.3.4 Community Information Services 

In the previous analyses of services given in this chapter, we 
have assumed that the network would only be used during business 
hours (i.e., 8 hours per day, 300 days per year) and that it would 
be used only by people directly connected with the institutions 
served by the network. But given the after hours availability of 
the equipment, it would be possible to allow the public to use net- 
work facilities in the evenings either as a good will gesture or for 
a small fee. One service that might be provided is to use an 
existing computer-aided instruction system to allow the public 
access to a package of community information material similar to 
that suggested for use on MITRE 's proposed interactive television 
system. (12) We have assumed that in providing these services, no 
charge would be made for the cost of using the CAI equipment. 
Since the CAI system would be built primarily to serve student 
users connected with the institutions participating in the network, 
and the amount of public use after hours would probably be much 
less than during normal business hours, it was felt that equipment 
amortization costs should be included only during periods of 
institutional use. 

Under these assumptions, community information services could 
be offered for the price of the system* s communication costs, plus 
the cost of operating the system during the evenings. In addition, 
the cost of developing the community information package that was 
to be available on the computer system would have to be included. 
However, the development of the information package might be 
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undertaken by agencies o£ local government or community organizations. 
In that case, its effect on system cost could be disregarded. 

As an example of the cost of providing community information 
services, consider the 'cost of im^plementing such a service after 
hours on a remote refresh TICCIT system. Referring to Table 13, the 
system's total communication cost per system operating hour is 
$1.53, while the hourly system support costs are $64.38. Thus the 
hourly cost of providing community information services is $69.91; 
this corresponds to a per user contact hour cost of $0.73. 
3.3.5 PLATO IV Computer Aided Instruction Services 

The University of Illinois' PLATO IV system employs a large 
central computer and innovative display technology to provide 
versatile computer aided instruction to large numbers of terminals. 
The PLATO system was designed to serve up to 4032 terminals. 
However, user characteristics have placed a heavier than antici- 
pated load upon the central computer facility of the' present 
developmental system, and it is able only to serve 1008 terminals. 
In this section, we estimate the cost of offering PLATO IV services 
to users of the St. Louis dedicated cable network assuming .the 
system has either a 1008 or 4032 terminal capacity. The actual 
number of terminals an operational PLATO system is capable of 
supporting and the resulting costs of instruction probably lie 
between these two estimates. 

A large general purpose computer able to meet the requirements 
of the PLATO IV system costs approximately 4.5 million dollars; 
2.5 million dollars for the mainframe of the computer and 2 million 
dollars for the two million words of memory and the input/output 
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equipment required. An estimate for the system software, including 
some course development programming, is an additional 1.5 million 
dollars. If the PLATO system is to be used on a broadband network 
such as the proposed dedicated cable network, a Network Interface 
Unit (NIU) is required to form the data from the PLATO central 
computer into a signal that is compatible with standard broadcast 
television equipment. Assuming that the system can support 1008 
terminals, one NIU would be required to form data for the 1008 ter- 
minals into a single signal that is carried on one forward channel 
in each of the cable network's five spokes. Assuming the system 
could support 4032 terminals, four NIU's and four channels per 
network spoke are required. The estimated cost of an NIU is $30,000. 
(20) 

Each PLATO IV terminal consists of a plasma panel with random- 
access image selector, a keyboard, and a controller whose outputs 
can control the optional random-access audio system or other hard- 
ware. These terminals should be able to be produced within the cost 
limits of $1500 to $3000 each, depending upon quantities produced 
and optional accessories provided. (21) Current production costs 
of a PLATO terminal having random-access audio capacity, however, 
are estimated to be $5,500 for terminals produced in 4000 terminal 
quantities. (22) Therefore, we assume that the cost of terminals 
used to deliver PLATO services to users of the St. Louis dedicated 
cable network is $5,500. 

To fully utilize the PLATO system's 4000 terminal expected 
capacity, the PLATO terminals can be serviced over voice-grade 
(3kHz bandwidth) telephone lines. This allows PLATO services to be 
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delivered in rural areas not having broadband communication facili- 
ties. Because the terminals are designed to be used with telephone 
lines, rather than by time-sharing a broadband communications 
channel, a means o£ extracting a particular terminal's data from the 
composite output data transmitted on a cable channel by an NIU is 
required. A PLATO IV site controller is therefore used to extract 
the data for up to thirty-two terminals from the composite data 
signal. In addition, the site controller concentrates the return 
data from up to thirty-two terminals into a single low data rate 
(4800 bits per second) 3 kHz bandwidth signal. For a 1008 terminal 
system, the return data rates to the computer from the system 
terminals would total 151.2 kilobits per second, requiring a return 
bandwidth per cable spoke of approximately 300 kHz. Similarly, for 
a system capable of supporting 4032 terminals, a return bandwidth 
of approximately 1.2 MHz is required. The estimated cost of a PLATO 
IV site controller is $9,000. (20) 

One site controller is required at each location receiving 
PLATO CAI services via the dedicated cable network. Therefore, 
the cost of the site controllers required to deliver PLATO services 
depends upon the distribution of PLATO terminals throughout the 
network. Any location having from one to thirty-two terminals 
requires its o\<n site controllers. If more than thirty-two terminals 
are used in one location, a separate site controller will be required 
for each thirty-two terminals or fraction thereof. 

In order to estimate the number of site controllers required, 
we assumed that for the 1008 terminal system, terminals would be 
located as follows: 96 terminals at each of the three universities 
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and three community colleges served by the system, rgqudring a 
total o£ eighteen site controllers at the six institutions; 48 
terminals at each o£ the two medical schools and four colleges 
served by the network, requiring a total o£ twelve site controllers 
to service the four colleges and two medical schools; eight terminals 
at each o£ the seven industries and four terminals at each of the 
twenty-two hospitals served by the network, requiring a total of 
twenty-nine site controllers to service terminals at the hospitals 
and industries served by the network. Thus, a total 'of fifty-nine 
site controllers are required to interface the 1008 PLATO terminals 
with the dedicated cable system. If the PLATO system used on the 
network is assumed to be able to support 4032 terminals, a similar 
allocation of PLATO terminals can be made by assuming that the 
terminal allocation made at each institution in the 1008 terminal 
system is increased by a factor of four. Interfacing 4032 PLATO 
terminals with the cable system requires the use of 137 site 
controllers. Some economies of scale in site controllers are realized 
in the 4032 terminal system. 

Previous experience with large scale computer systems has 
shown that the cost of operating a large scale computer is approxi- 
mately equal to the cost of the computer itself. (23) Therefore, 
we assume that for both the 1008 terminal PLATO system and the 
4032 terminal PLATO system that the yearly operation cost of each 
system is equal to one-fifth of the cost of the PLATO central 
computing facility plus one-fifth the cost of the required Network 

jy-, 

Interface Units. Assuming that the required equipment is amortized ■ 

83 



-75- 



over a five year period at an annual interest rate of eight percent, 
the costs of a 1008 terminal PLATO IV CAT system are summarized 
in Table 14; similarly, the costs of a 4032 terminal PLATO system 
are summarized in Table 15. 

3.3.6 Distribution of Prerecorded Videotapes 

Another service that might be made available over the dedicated 
cable network is the distribution of prerecorded videotapes. Using 
this service, students who had missed or wanted to review a tele- 
vised, interactive lecture could request that ^ videotape of the 
lecture be played over the system. Similarly, prerecorded visual 
aids and company training tapes could be distributed over the system. 
Tapes might be shown on a scheduled basis, as is done presently on 
broadcast television, or viewers could use the cabel system's 
return channels to request that a particular tape be shown. The 
cost estimates given here assume that users request particular tapes 
usirfg the return audio communication capabilities of existing class- 
room modules used for receiving televised lectures. Since these 
classroom modules would chiefly be used for receiving live- . 
televised lectures, rather than prerecorded videotapes, no charge 
for the use of the receiving classroom modules is included in our 
estimates of the cost of providing videotape distribution services. 

In their examination of the costs of dedicated communication 
networks to be used by primary and elementary schools, Barnett and 
Denzau estimated the equipment and support costs of a headend 
distributing forty simultaneous channels of prerecorded video 
programming (24) . Interpolating their figures to determine the 
equipment required for a ten channel videotape distribution system, 
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Table 14: The Estimated Costs For A 1008 
Terminal PLATO IV CAI System On the 



St. Louis Dedicated Educational 
Network 



PLATO IV Equipment Costs 

Central Computing Facility 
One Network Interface Unit 
1008 PLATO Terminals With Random-Access 

Audio System 
59 PLATO Site" Controllers 

TOTAL CAPITAL INVEST14ENT REQUIRED 



$6,000,000 
30,000 

5,544,000 
531,000 

$12,105,000 



Total equipment cost per system operating hour* 

Total communication cost per system operating hour' 

Total support costs per system operating hour"^ 

TOTAL COST OF PLATO IV SERVICE PER SYSTEM OPERATING 
HOUR FOR A 1008 TERMINAL SYSTEM 



$1263.15 
1,41 
502.50 
$1767.06 



Communication cost per student contact hour equals 0.14^: 
Total cost o£ service per student contact hour equals $1.75 



^Equipment amortized over five years, with 2400 hours of operation 
per year. An interest rate of eight percent per year has been 
assumed. 

**One forward channel and 300 kHz return bandwidth are required 
per network spoke. 

,+Assumes 2400 hours of operation per year. See text. 
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Table 15: The Estimated Costs for A 4032 
TerminarPLATO IV CM System " 
On The St. Louis Dedicated 
Educational Network 



PLATO IV Equipment Costs 

Central Computing Facility \ $ 6,000,000 

Four Network Interface Units 120,000 
4032 PLATO Terminals With Random-Access 

Audio System 22,176,000 

137 PLATO Site Controllers 1,233,000 

TOTAL CAPITAL INVESTMENT REQUIRED $29,529,000 

Total equipment cost per system operating hour* $3081.33 

Total communication cost per system operating hour** 5.64 

Total support costs per system operating hour"^ 510.00 

TOTAL COST OF PLATO IV SERVICE PER SYSTEM OPERATING $3596.97 
HOUR FOR A 4032 TERMINAL SYSTEM 

Communication costs per student contact hour equals 0.14^ 

Total cost of service per student contact hour equals $0.89 



^Equipment amortized over five years, with 2400 hours of operation 
per year. An interest rate of eight percent per year has been 
assumed. 

**Four forward channels and 1.2 MFIz return bandwidth are required per 
network spoke. 

^Assumes 2400 hours of operation per year, see text. 
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the required equipment and its 1971 cost are given below. 

Ten Channel Videotape Distribution Equipment Costs 



100 videotapes costing $13 each $14,300 

11 tape storage cabinets 3,300 

One master recorder/duplicator 2,000 

11 videotape recorders 11,000 



TOTAL CAPITAL INVESTMENT REQUIRED $30,600 



An extra videotape recorder was included to allow for equipment 
down time. Amortized over a period o£ five years at an interest 
rate o£ eight percent, the cost of^the equipment per system operating 
hour (assuning 2400 hours o£ operation per year) is $3.19. 

The personnel required to operate the equipment and their 
yearly salaries are given below. 



One clerk- librarian $ 4,000 ^ 

Five videotape recorder operators 25,000 
One engineer-director (part-time) 8,000 



TOTAL YEARLY PERSONNEL COSTS $37,000 



The cost o£ personnel per system operating hour is $15.42. 

Finally, the communication cost o£ operating the videotape 
distribution system must be considered. Because we are assuming that 
viewers would be able to request that particular videotapes be shown, 
it might be realistic to say that instead o£ distributing each 
videotape to all o£ the network's users, which requires the use o£ 
ten forward channels per network spoke, requested videotapes would 
only be carried on the spoke serving the user ^who requested the 
videotape. I£ this limited distribution o£ videotapes is assumed, 
an average o£ two forward channels per spoke is required. In 
addition, one twenty kHz return audio channel over which system 
users could request videotapes is required per spoke. Because we 
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are assuming that existing receiving classroom modules would be 
used to view the videotapes, the cost o£ forward and return band- 
width required for polling the receiving classroom modules has 
already been included in the cost of providing televised lectures; 
therefore, it will not be considered here. The hourly cost of two 
forward channels and 20 kHz return bandwidth per spoke is $2.68. 

Thus, the total cost of providing videotape distribution 
services is $21.29 per system operating hour. Assuming that the 
system is used by eight viewers at each of the. ten classroom modules 
able to simultaneously receive requested videotapes, the cost of 
viewing videotapes per user contact hour is 26.6 cents. It should 
be noted that although the ten channel videotape distribution 
system does not supply a large amount of services, the costs of a 
twenty, thirty, or forty channel system could easily be determined 
from the information given here. The maximum number of simultaneous 
videotapes able to be carried by the network is limited only by the 
amount of capital available for equipment and by the number of 
forward channels available on the dedicated network. 
3.3.7 Facsimile Retrieval Of Documents From A Central Data Source 
There present ly^;^re no completely automated systems available 
allowing users at remote locations to access documents stored in a 
central document collection. To indicate how inexpensively documc-nc 
transmission services might be provided on the dedicated educationa: 
network, however, the costs of a system allowing remote users to 
' receive facsimile copies of documents stored on microfilm at a 
centralized location is considered here. 
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The Alden Model #9252 16mm Automatic Microfilm Scanner inter- 
faced with Eastman Kodak's Miracode ® microfilm storage/retrieval 
system is an example of equipment that might be used to provide 
users of the dedicated network with remote access to documents 
stored at a central document collection. (The Alden microfilm scanner 
interfaced to the Kodak Miracode ® microfilm storage/retrieval 
system is sold by Alden as one unit. Miracode- ^ is a. registered 
trademark of the Eastman Kodak Company.) With the equipment, the 
system operator is able automatically to search a manually selected 
16ram microfilm cartridge to find a desired frame. Once the desired 
frame has been found, the unit scans the displayed information onto 
magnetic tape in twenty seconds. The information stored on the 
tape can then be automatically transmitted at one of four different 
selectable speeds, the choice of appropriate transmission speed 
depending upon the bandwidth of the communication channel used. 
Operating the unit at its fastest transmission speed, a typical 
8 1/2 in. X 11 in. page can be transmitted over a 48 kHz bandwidth 
cable channel in forty-five seconds. (25) (At its fastest speed, 
the unit was intended for use with 24 kHz bandwidth broadband 
telephone lines. When used on a portion of the dedicated network's 
forward bandwidth, on the other hand, the unit's dual sideband 
modulated signal would require the use of 48 kHz of. forward cable 

- - l 

bandwidth.) The 1974 purchase price of the Model #9252 Alden/ 
Micracode ® microfilm retrieval and facsimile transmission system 
is $46,000. (26) A facsimile receiver suitable for use at the 
institutions served by the network is the Alden Model #9257 recorder; 
its 1971 purchase price was $9500. (25) 
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Remote access to the central microfilm document base would be 
accomplished in the following manner. First, the user would^ inform 
the system operator which document was to be facsimiled. The 
retrieval unit's operator would then determine in which cartridge 
the document was stored and would load that cartridge into the 
microfilm retrieval/facsimile transmitter. After identifying the 
desired document through the retrieval unites keyboard, the retrieval 
unit would search the cartridge for the desired document, and having 
found it, would scan the document, storing the ^information on 
- t^netic tape. The stored information could then be transmitted 
. the user. 

^ In estimatirig the costs of operating the document retrieval 
system, we assumed that one microfilm retrieval and facsimile 
transmission unit is at the system's headend, while one facsimile 
receiver is at each of the institution^ served by-the network. 
Interactive terminals are also required at each location to allow 
users at the system's remote facsimile receivers to request the 
transmission of documents from the central document collection. We 
assumed that the equivalent of Queset terminals allowing two way 
audio communication between users and the operators of the central 
dociiment collection are installed at the headend and along with each 
of the facsimile receivers serving the network's forty-one users; 
the estimated cost per terminal is $230- (16) Thus, the capital 
investment required to provide document transmission services on 
the dedicated network totals approximately $445,000. AssuMng that 
the equipment is to be amortized over a period of five years at 
an eight percent yearly interest rate and that the equipment would 
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be operated a total o£ 2400 hours per year, the equipment cost per 
system operating hour is $46.44. 

Forty-eight kHz o£ forward cable bandwidth is required per 
network spoke to accommodate facsimile transmissions; in addition, 
twenty-kHz bandwidth is required in each spoke's forward and reverse 
channels to allow two way audio communication between the facsimile 
users and the retrieval system^ s operator. Thus sixty-eight kHz of 
forward bandwidth and twenty kHz of return bandwidth are required 
per network spoke; referring to Table 10, the total hourly cost of 
the cable bandwidth required to provide facsimile services is two 
cents . 

It is difficult to estimate exactly how many persons would be 
required to operate the facsimile document distribution system. 
Some of the larger institutions using the service might require a 
full-time operator at the facsimile receiver. Smaller institutions 
^ mtght pnly require that someone operate the facsimile receiver part 
of the time; furthermore, it is conceivable that some institutions 
would not have a facsimile operator at all, but instead would 
require users requesting documents to operate the equipment them- 
selves. 

To include all of these possibilities in our estimate of the 
personnel required to operate the remote document retrieval system, 
we assume that each of the forty-one institutions receiving the 
service requires an operator half-time. We also assume that two 
full-time operators would be required at the system* s headend. 
Assuming that the forty-one institutional operators receive a half- 
-time yearly salary of $2750, and that the total yearly salary of 
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the two operators required at the headend is $11,000, then the 

yeafly salary cost o£ the personnel required to operate the system 

is $123,750. This corresponds to a support cost per system operating 

hour o£ $51.56 assuming the system is to be operated 2400 hours per 

year. The total hourly cost o£ operating the facsimile service is 

$98.02,; thus, each institution served by the network has access to 

the central document collection for a cost of $2.39 per hour. The 

hourly communication costper institutional user is 0.05 cents. 

3 4 A COMPARISON OF THE -SERVICES ABLE TO BE OFFERED ON THE 
DEDICATED EDUCATIONAL NETWORK 

The bandwidth requirements and capital costs of the services 
discussed in Section 3.3 are summarized in Table 16. Examining this , 
table, three factors affecting the amounts of educational services 
able to be provided over a dedicated network are illustrated. The 
first and most obvious limitation to services provided is the 
initial capital investment required to purchase the equipment used 
in providing a sufficient amount of services. Two of the services 
listed in Table 16, videotape distribution service and community 
information service, have relatively small initial capital investment 
requirements only because they assume the availability of equipment 
used to provide other educational services. Of the other six 
listed services, it can be seen that four of the "services require 
initial capital investments on the order of one-half to three-fourths 
the size of the capital investment involved in constructing the 
single cable return video dedicated network. The two remaining 
services, PLATO IV CAI systems capable of supporitng 1008 and 
4032 terminals, require roughly twelve and twenty-nine times the 
initial capital investment required to build the single cable 
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return video dedicated network. 

The second factor limiting the amount o£ an educational service 
that can be provided over the network is the cable bandwidth 
required by each service when compared to the amount o£ bandwidth 
available on the network. In spite o£ the fact that the educational 
institutions associated with the dedicated network- could provide 
enough televised instruction to require the use of eighteen studio 
classrooms, limitations in the amount of return bandwidth available 
on the network restrict the number of televised . lectures able to 
be simultaneously presented to fifteen. Similarly, although a 
single centrally refreshed TICCIT system can support only ninety 
terminals, no more than one centrally refreshed TICCIT system can 
be used on the single cable networks without utilizing all of the 
forward channels available to TICCIT in our design. 

The third factor limiting the level of services that can be 
provided is the number of users that must be served by any portion 
of the network. This was best illustrated in the assumed alloca- 
tions of centrally refreshed TICCIT terminals. Had the system's 
ninety terminals been equally distributed among the forty-one 
institutions served by the network, each instution would have the 
t.se of at least two centrally refreshed TICCIT terminals. But 
because fully half of the forty institutions (excluding Washington 
University) remotely located from the headend are served by the 
network's first spoke (Figure 1)', equal allocation of centrally 
refreshed TICCIT terminals requires that forty forward channels 
be available in spoke one to distribute TICCIT services. 
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A fourth factor affecting the level of services that can be 
provided is illustrated by Table 17, which lists the cost of the 
various services considered on a per user contact hour basis. All 
of these costs were determined by dividing the hourly cost of 
operating each service by the number of persons able simultaneously 
to use the service. The per contact hour costs of receiving PLATO 
IV CAI services were estimated for two cases. In the first case, 
it was assumed that the system's central computing facility could 
support only 1008 terminals. Under this assumption, the system's 
required capital investment was $12,105,000 while the cost of PLATO 
service per student contact hour was $1.75. If, on the other hand, 
it is assumed that the central computing facility of the PLATO 
system could support up to 4032 terminals, the capital investment 
required increases to $29,529,000 while the cost of PLATO services per 
student contact hour decreases to $0.89. The reduction in the cost 
of PLATO services is due to the cost of the central computing 
facility and the cost of many of the »PLATO site controllers being 
spread among more users in the system serving 4032 terminals. 
This serves to illustrate that even though the initial investment 
required to offer a service might be comparatively small, if 
relatively few people use it, the actual cost of providing the 
service might be higher than would be expected. 

One further comment concerning Table 17 should be made. In an 
effort to determine if a dedicated coaxial cable system could be 
used to deliver educational services at a lower cost than could 
other types of communication systems, we computed the per user 
contact houV cost of distributing each of the services on the 
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Ta ble 17: Costs On A Per User Contact Hour 
Basis Of Services Able To Be Offered On 
" The St- Louis ^ edj^cated Educational 
' Network 



Service to be delivered 



Communication cost 
per u^er contact 
hour 



Total cost per 
user contact 
hour 



Televised lectures with return 
audio capability (15 simul- 
taneous lectures, 1616 
vie\^ers) 

Central refresh TICCIT CAI 
(90 terminals) 

Remote refresh TICCIT CAI 
(90 terminals) 

Community Information Services 
PLATO IV CAI 

(1008 terminal capacity) 
PLATO IV CAI 

(4032 terminal capacity) 

Noninteractive video tape 
distribution (10 simultajieous 
programs, 80 viewers) 

Document retrieval by facsimile 
from central document file 
(one terminal at each of the 
41 institutions served by the 
network)* 



25. Oi 

1.7t 
1.7 + 

0.1 + 
0.1 + 

3.3(1: 



$0.24 

$1.86 

$1.29 
$0.73 

$1.75 

$0.89 

$0.27 



0.05 + 



$2.39 



*Costs given per user contact liour for document retrieval by facsimi ' 
from central document file refer to the cost per institution per ho-.r 
for the service. 
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dedicated cable network. Referring to Table 17, it can be seen 
that except in the case o£ central refresh TICCIT services, the 
cost o£ the cable bandwidth required to distribute each o£ the 
services is less than one-tenth o£ the total cost o£ providing the 
educational services. Thus, it is felt that a dedicated coaxial 
cable network does represent an efficient method of distributing 
interactive and noninteractive educational services in the St. Loui 
metropolitan area. 

Furthermore, the existence of a broadband transmission system 
like the dedicated network would allow institutions having IJttle 
or no "in-house" computing resources to timeshare the excess 
computing capacity of any other institution served by the network 
at minimal cost. Normally, remote timesharing is accomplished 
using specially conditioned leased telephone lines for which the 
institution pays a premium price. For example, the cose of a 
leased voice grade telephone line having C2 conditioning (which is 
typically required for signals having data rates greater than 
4800 bits per second and being sent a distance of fifteen miles or 
greater) includes a $27.00 per month charge for line conditioning 
in addition to monthly charges of $8.80 per mile for the use of 
the leased telephone line. (27) If it is assumed that timesharing 
services would be in use eight hours per day on twenty-five days 
per month, a bidirectional 680 kHz channel could be established 
between any two institutions served by the network for less than 
the $27.00 monthly charge for the C2 conditioning of a voice 
grade telephone line, a considerable savings. 
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4. SUMMARY AND CONCLUSIONS 



4.1 PURPOSE OF THE REPORT; RELATION TO OTHER WORK 

This report, used in conjunction with its companion document, 
(1) is intended to serve as a useful systems design tool in an 
engineering and economic study o£ communications technology applied 
to education. However, it also includes much descriptive material 
useful to the nontechnologist interested in educational networking. 
For the engineering study, the report provides an important part 
of both the background information and the analysis necessary to 
conceptualize and evaluate alternative communications networking 
schemes for the delivery of educational services. 

In the companion document to this report, the background 
information provided gives fhe designer of educational networks a 
broad engineering overview of the range of educational services 
deliverable by communications technology. review the capabilities, 
costs, and coiranunications rc-iaireroents of these services. As 
additional background, a briefs aescription is given of existing 
educational networks such as those currently serving broadcast 
educational radio and television. l 

To undertake an analysis of each type of communications network- 
that might be used to deliver educational services would have been, 
a task beyond the scope uf this report. The required in format! or , 
however, is available in numerous texts, journal articles, and 
engineering design handbooks. Therefore, what has been undertaken 
here is a discussion of some of the factors affecting the design of 
one particular class of communications networks, dedicated coaxial 
cable networks, in an effort to illustrate to the reader the ran^.e 
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of considerations that must be included in a design o£ a realistic 
educational network. Examined were the technical characteristics of 
coaxial cable networks, and these were discussed for the purpose 
of illustrating the types of limitations 'that are encountered in 
the design of a communications network. It is felt that the informa- 
tion presented here, when used in conjunction with other available 
results, should provide a relatively complete basis from which an 
educational network designer can work. 

In addition, a number of other issues, not spe.cif ically technical, 
will determine the success of the network configurations formulated 
to serve the requirements on any given area. Two examples are, 
first, the identity and the needs of users of the network, and 
second, how any by whom the network could be controlled and supported. 
The identity of the users of the networks designed in* this work to 
serve the St. Louis metropolitan area was considered OT\ly to the 
extent that a group of institutions that might be able to support 
the services offered over the network was identified. No analysis 
of their needs was undertaken; rather, we listed the services able 
to be delivered over the network, along with the services' required 
capital investments, communications requirements, and a determination 
of the cost of each service calculated on a per user contact hour 
basis. Similarly, the administrative framework under which the 
network would operate was not considered. Related topics, however, 
have been the subject of intensive research at the Center for 
Development Technology and elsewhere. The result of much of the 
Center's work in these areas are available in companion documents. 
(6) (28-34) 
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4.2 SUMMARY OF FINDINGS 

The rest o£ this summary section briefly reviews the work of 
this report and its companion document. (1) Tliis review is intended 
to highlight the conclusions developed in the course of our work. 

The companion document to this report begins by describing 
the broadcast media: FM radio, AM radio, and VHF and UHF television. 
Although the broadcast media are mostly limited to noninteractive 
programming, they allow educational programming to be delivered 
inexpensively through existing receivers to large numbers of learners 
spread over areas now impractical to serve by other means. The 
costs and coverage abilities possible for each type of educational 
broadcast medium are considered, along with the channel capacity of 
each medium and the number of channels available. Comparing FM 
and AM broadcast radio, we find that for most noninteractive audio 
educational programming FM radio is superior to AM radio for most 
educational uses, because cost are similar to AM, it has available 
dedicated educational channels, higher fidelity, and the ability 
to distribute several channels of programming per radio channel- 
However, in cases where large, sparsely populated areas are to be 
served, AM broadcasting might provide the only practical broadcast 
distribution method for educational radio. Similarly, becauseof 
VHF television's higher possible coverage and the existence of 
superior VHF tuners in most existing privately owned television 
receivers, VHF television is technically preferable to UHF televi- 
sion even though most of the channels available for use today are 
located in the UHF television band. 
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As examples of options possible when designing a CAI system 
or implementing other interactive educational services, we examine 
two experimental interactive networks with educational applications: 
the MITRE Corporation's TICCIT systems and PLATO IV developed by 
the University o£ Illinois at Champaign-Urbana. The TICCIT systems 
use a minicomputer to provide CAI services, including computer 
selected audio and color television displays, either full-time to 
128 dedicated institutional terminals or part-time to up to 1000 
home terminals. The actual number would depend largely on the 
cable caprdity and the amount of services to be delivered daily to 
each terminal. We find that if TICCIT services are delivered to 
remote terminals over a cable system on a part-time basis using a 
central refresh topology, the probability of the user having to 
wait before services become available is very dependent on the 
number of system users and the amount of services each user requests. 
However, if the terminals receive enough use to justify the cost of 
placing a video refresh memory at each of the users' premises, the 
amount of TICCIT services able to be delivered depends only upon ^ 
the capacity of the minicomputer used, and additional computer 
systems can be added to provide increased levels of service. 

The PLATO system uses a large general-purpose computer and 
innovative display technology to allow versatile CAI either to be 
distributed long distances over low bandwidth lines or to allow up 
to 1008 PLATO terminals to be served through a single 6 MHz band- 
width cable channel. Examining system hardware costs and the amounts 
of service the PLATO system provides, we find that the present 
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developmental PLATO system can serve only 1008 terminals (rather 
than 4032 terminals the system is designed to serve) because o£ the^ 
heavier-than- expected load that users are presently placing on the 
system. The assumptions concerning the amount o£ system use that 
can be expected and the cost o£ producing sufficient courseware to 
attract enough system users to ensure that the cast of PLATO CAI 
remains reasonable are also analyzed. As a general conclusion, we 
find that the design assumptions made in these areas by PLATO' s 
developers were optimistic. 

(r) 

We examine the Bell System's proposed Picturephone ^ service, 
a third interactive communications network and the only one with 
two-way point-to-point video capability, for its applicability in 
carrying educational services. Because of its low resolution -and 
high communications cost, Picturephone ®, if implemented in its 
planned form, is unsuitable for use in any foreseeable educational 
communications application. 

Several technologies Which might be used to supply interactive 
library and document transmission services over future educational 
communications networks are examined. Facsimile and slow-scan 
television, which are currently in use for document transmission, 
are likely to be too expensive and inconvenient to be widely used 
to provide services to individuals in future educational applications. 
However, facsimile might be used to supply document transmission 
to regional terminals, ^t which point users could pick up requested 
materials. 

The resolution requirements of the displays needed to provide 
interactive library serviced at user terminals are discussed, as 
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well as the various display/refresh memory combinations which might 
be successfully used to meet the requirements. The selection 
mechanism needed in a remote microfilm based library system and a 
promising and relatively new devleopment, interactive indexing 
systems, are also described. - 

In this report, we discuss the technical and economic factors 
affecting the design of one class of educational networks, dedicated 
coaxial cable networks. To show how the information is used in 
a system design, we develop the designs of single and dual cable 
dedicated networks that might be used to deliver educational ser- 
vices to selected institutions in the, St. Louis metropolitan area. 
The networks described have the capacity to simultaneously distribute 
thirty-five forward and four return, or' seventy forward and eight 
return, six MHz bandwidth channels of programming respectively. 
In estimating the cost of building each of the networks, we find 
that a dedicated cable network can be built at the same time that 
other cable construction is being done, or if a second dedicated 
cable allowing for future expansion is installed when the first 
dedicated cable is being installed, a great savings in network 
construction cost will be realized. 

Combining the services discussed in the companion report with 
the single cable return video network presented in Section 2 of 
this report, we estimate the required capital investment, cable 
^ bandwidth, and the amount of each service that can be offered over 
the network serving institutions in the St. Louis metropolitan area. 
In addition, we determine both the communications cost and the 
total cost of providing each of the services. 
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This information can be used by the planners or designers of 
educational networks in two ways. First, it provides a first 
estimate of the cost of offering each service to institutional users 
of dedicated networks in similrr metropolitan areas. In addition, 
using the information presented together with the information 
available in numerous engineering design handbooks, the network 
designer can estimate the cost of supplying each of the services 
using a different communications system more appropriate to his own 
particular -requirements . 

Having investigated the factors affecting the cost of providing 
each service over the coaxial cable dedicated network, we can make 
several statements concerning the use of dedicated networks to 
deliver educational services to institutional users. First, refer- 
ring to Table 16, it can be seen that the capital investment 
required for the equipment used to provide each service is on the 
order of the total cost of building the coaxial cable networks. 
Thus, the communications system itself should entail only a small 
part of the total cost of the educational network. This fact is 
further pointed out in the communication cost per student contact 
hour determined for each service in Table 17. Assuming that enough 
demand for the network services exists so that the dedicated cable 
network will be used to capacity, the cost of the cable bandwidth 
required to deliver each of the services is in all but one case 
less than four cents per user contact hour. This illustrates that 
a dedicated cable network is an inexpensive means of delivering 
interactive educational services to institutional users in metropol 
tan areas. 
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Finally, by comparing Tables 16 and 17, it can be seen that 
although a large capital investment would be required to build a 
dedicated cable network carrying much versatile educational program- 
ming, the cable's large bandwidth and its reasonably large possible 
area o£ coverage allow enough users to share the services that the 
cost per service, when expressed on a per user contact hour basis, 
is relatively small. 

For the technical design o£ a network fulfilling a particular 
area's needs, the reports provide a relatively complete information 
base from which to work. It should be noted, however, that before 
the design of a network can realistically be undertaken, an identi- 
fication of network users must be made and the users' needs must 
be analyzed. The network designs for the St. Louis area presented 
here were intended primarily to allow illustration of the technical 
principles of coaxial cable network design and to allow estimates 
of the cost of providing each educational service to be made. 
Therefore, no survey of the area's needs was undertaken. The first 
step in the design of an operational dedicated educational network 
for the St. Louis area would be to conduct such a survey. We do, 
however, offer first estimates of the cost of providing educational 
services to institutional users in the St. Louis area, and, using 
the information presented here, the technical design of more 
representative dedicated networks for the St. Louis area could be 
undertaken. 
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APPENDIX 5.1 

TECHNICAL CONSIDERATIONS IN THE DESIGN 
OF COAXIAL CABLE COMMUNICATION NETWORKS 

5.1.1 Introducti on 

The performance o£ a coaxial cable transmission system carrying 
video signals can be specified by three characteristics o£ the signals 
to be received at the point in the network farthest from the headend. 
These characteristics are the minimum acceptable signal-to-noise ratio 
(SNR), the maximum allowable signal distortion caused by amplifier nonlin- 
earities, and the power level at which signals are to be transmitted 
through the system. A fourth system performance measure, the tolerance 
of the system, is the range over which signal's power levels can vary 
without causing excessive signal degradation. 

In this Appendix, we will derive the equations allowing the system 
designer to determine whether a given coaxial cable transmission system 
will allow signals to be distributed without excessive degradation. The 
effects of using different types of coaxial cable and repeater amplifiers 
are examined, and a method allowing the designer to predict the maximum 
distance over which the cable system will acceptably operate is presented. 
Finally, we discuss the different technical requirements of a system 
allowing bidirectional digital signal transmission and unidirectional 
video signal transmission as compared to a network allowing bidirectional 
transmission of digital and video signals. 
5.1.2 Cable System Design Considerations 
"5.1.2.1 Signal Degradation Due To Noise 

The amount of noise generated in a coaxial cable transmission system 
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can be attributed to two sources. The first source is random noise caused 
by thermal agitation o£ the electrons in the conductors associated with 
the programming source itself. For a thermal noise source, the available 
r.m.s. noise power in a one Hz bandwidth is given by (1) 

p^Cf) = kT watts/Hz [5.1.1] 
where k = Boltzmann's constant = 1.3805 x lO"'^^ joules/°K, and T is the 
temperature of the noise source expressed in ^K. The amount of r.m.s. 
noise power that can be coupled into an external load from a 4 MHz band- 
width source (which corresponds to the normalized bandwidth of a televis- 
ion video bandpass filter (2)) at room temperature (20° C.) is 
1.62 X 10-^4 ^^atts. 

In cascaded amplifier systems, it is more convenient to express power 
levels in terms of decibels above a given reference level. Defining 
0 dBmV as the power level of a one millivolt signal across 75 ohms 
(which is equivalent to a signal power level of 1.33 x lO"^ watts), the 
noise generated in the program source has a level of -59.2 dBmV. This 
is the smallest amount of noise interference that will have to be over- 
come anywhere in the system. 

The second source of noise in coaxial transmission systems is the 
repeater amplifiers that are situated periodically along the cable; their 
gain compensates for the attenuation signals receive in the coaxial cable. 
These amplifiers, in addition to amplifying the signals and the noise 
that are applied to their inputs, generate some internal noise which 
combines with the signal being amplified. Thus, the amount of noise 
power present at the amplifier's output is greater than the noise power 
at the input of the amplifier multiplied by the amplifier's gain. The 
difference in noise power levels measured linearly is called the amplifier 
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noise- factor (n.f.); the difference in noise power levels measured in db. 
is called the amplifier noise figure (N.F.). The relationship between 
noise factor and noise figure is given by 

N-.F. = 10 log^Q n.f. [5.1.2] 
As the length of a coaxial transmission system increases, the number 
of amplifiers that must be cascaded to compensate for cable attenuation 
increases; similarly, as the number of amplifiers cascaded increases, the 
total amount of noise generated in the system also increases. The total 
amount of noise power that is generated by a cascaded amplifier system 
can be computed as follows. Consider a cascade consisting of two repeater 
amplifiers interconnected by a length of coaxial cable. Assume that 
the amplifiers have (linear) gains of g^^ and g3 and have noise factors of 
f-|^ and fj, respectively. Assume the cable has a gain of g2 (approximate- 
ly equal to the reciprocal of g]^) . The noise factor of a cable having 
a gain G is equal to G"-^; (3) thus, the cable in the cascade has a noise 
factor . f2 equal to l/g2- The noise factor of the three devices connected 
in succession is given by (3) 
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This formula can be iterated to determine the noise factor of a 

2N+1 element cascade consisting of N+1 amplifiers having gains of 

gl,g3> • • ' »g2N+l ai^d noise factors respectively . Iterating 

g2 g4 g2N 

equation 3, the noise factor of a 2N+1 element cascade is given by 
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Terms of the form 11 g-; represent the gain of the cascade measured at 
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2i-l 

the input o£ the Ci+l)th amplifier, while terms o£ the form fl g. 

j=l ] 

represent .the gain of the cascade measured at the output o£ the Ci)th 
amplifier. The noise figure for the entire cascade is given by 

Ptot = 10 logl0Cfl:2N+l)- [5.1, 
In some cases, only an approximation of the cascade noise figure 

will be needed. Assuming that all of the amplifiers used have G db. 
gain and an F db. noise figure, while the lengths of cable connect- 
ing the amplifiers attenuate signals by G db., the noise figure of 
an N-amplifier cascade is approximated by 

Ptot = F + 10 log^o N. [5.1 

Having determined the value of F^^^ for the particular cascade 
being analyzed, the single channel noise power level at the cascade's 
output is given by 

Noise Power^^^ = -59.2 + G^^^ + F^^^ dBmV, [5.I 
where G^^^ is the cascade gain expressed in decibels (that is, the 
difference in signal levels at the cascade's input and output). 

The noise generated 'in the cable transmission system affects 
system design in the following way. If video signals are to be 
received with acceptable quality, the signals must be propagated at 
a power level high enough to insure that a minimum signal-to-noise 
ratio is maintained; too low a power level will cause received trans- 
missions to be excessively degraded with "snowy*' interference. In 
the networks designed in this Appendix^ the minimum signal-to-noise 
ratio that will be allowed to exist at the far ends of the system 
is 43 db. (referenced to a 4 MHz noise bandwidth). This would corre- 
spond to most users of the system experiencing TASO Grade 5 (excell- 
ent) reception. (3,4) To ensure that the minimum signal-to-noise 
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ratio experienced anywhere in the system is 43 db., the minimum allow- 
able power level at which signals can be propagated (measured at the 
outputs o£ the forward amplifiers) is given by 

S(min) = -59.2 + G^^^ + F^^^ + 43 dBmV, L^-l- 
where F^^^ and G^^^ are defined in equations 5.1.5 and 5.1.7. 
5.1.2.2 Signal Degradation Due To Distortion 

Two types of nonlinear distortion occur in cascaded amplifier 
systems. The distortion occurs because the transfer characteris- 
tics of the amplifiers used are not strictly linear, but instead 
are'^closely approximated by 

V = a, X V. + a. X (vT 3^ + a x (V [5.1. 
out 1 m 2 ^ 3 .m 

The first kind of distortion, intermodulation distortion, results in 
the generation of spurious signals having frequencies at the sum or 
difference of the frequencies present in the amplifier's input 
signal; these spurious signals interfere with the reception of desired 
signals in the same frequency band. Second-order intermodulation dis- 
tortion products have frequencies of the form 2A or A+B, where A and 
B are frequencies of signals present at the amplifier's input. Spur- 
ious products having frequencies 3A, 2A+B, A+2B, and A+B+C are 
referred to as third-order intermodulation distortion products. When 
excessive intermodulation distortion is generated, the distortion pro- 
ducts combine ("beat") with the carriers of channels in use to create 
"herringbone" interference patterns in the received video signals. (3) 

The second type of distortion generated in cascaded amplifier 
systems, cross -modulation distortion, occurs when the modulation of 
one signal carried by the transmission system is weakly transferred 
to the signal carried on another cable channel. This occurs because 
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the gain o£ the amplifiers used is not time-invariant, but varies as 
a function of the magnitude of their input signals. Since the 
signals carried on the cable network are modulated with a form of 
amplitude modulation (vestigal sideband modulation), each signal, 
with its instantaneous magnitude changing at a video rate, will 
cause the instantaneous gain of each amplifier also to change at a 
video rate. This changing amplifier gain amplitude modulates each of 
the signals carried on the cable system, allowing the modulation of 
one signal to be superimposed upon other signals' modulation. 

Cross -modulation .distortion results in a weak reproduction of the 
video information of the interfering channel being superimposed upon 
the information carried in the other network channels. Because the 
component of a standard NTSC television signal ha\/'ing the greatest 
amplitude is the signal's horizontal sync pulses, the effect of excess- 
ive cross-modulation distortion on received signals is to cause slant- 
ing bars to be perceived in the received picture. If the interfering 
signal has the same horizontal frequency as the signal being viewed, 
the interfering bars will be stationary. More commonly, the signals 
carried on the cable system will have slightly differing horizontal 
frequencies; as a result, the interfering bars will shift back and 
forth across the received picture, giving it a ^'windshield wiper" 
effect. (3) 

Cross-modulation is usually measured as one hundred times the 
ratio of the cross-modulation caused variation in the peak voltage 
.of an otherwise unmodulated signal to the unmodulated signal's peak 
voltage; the result is a number between zero and one hundred percent. 
For reasons similar to those used in noise calculations, it is often 
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more convenient to express the percentage cross-modulation in decibels 
wit:; respect to one hundred percent cross -modulation. Because per- 
cent modulation implies a voltage measurement, this conversion is 
given by 

XMCdb. rel. to 100%) = 20 log^Q % cross-mod . [5.1.10] 

100% 

In the remainder o£ this Appendix, percentage cross -modulation in 
decibels with respect to one hundred percent cross-modulation will be 

signified XMCdb.)- 

The type o£ nonlinear signal distortion ultimately limiting the 
performance o£ a cascaded amplifier transmission system is dependent 
upon the number of channels carried on the system and upon the freq- 
uency assignments used for the channels. In a cable system carrying 
less than twelve channels, the effects of intermodulation distortion 
generated in the system have usually been insignificant when compared 
to the effects of cross-modulation distortion generated at signal 
levels normally used in cable trunk systems. Switzer (5) states, how- 
ever, that practical experience with cable televisions systems which 
have increased their channel capacity beyond twelve channels by the 
dSfi of broadband amplifiers has shown that third-order intermodulation 
distortion becomes the dominant type of distortion limiting cable 
system performance. Two comments, however, one the effects of cross - 
modulation and intermodulation distortion can be made. 

First, unlike the effects of cross-modulation distortion, third- 
order intermodulation effects can be reduced by phaselocking all carr- 
ier and pilot signal frequencies carried on the cable to harmonics of 
a single reference oscillator. (5) By doing this, all third-order 
distortion products of the form A-B+C or A+B-C are caused to fall 
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zero-beat on existing carriers. The resulting reduction in "beat'* 
interference causes the effects of a given level of third-order 
intermodulation distortion to be much less visible, and '^ould probably 
cause cross-modulation distortion to again become the dominant type 
of distortion limiting cable system performance. 

Second, it should be noted that cross-modulation distortion, like 
third-order intermodulation distortion, is primarily a result of the 
cubic term in the transfer characteristics of the cable amplifiers used 
(see equation 5,1.9); the two types of distortion are considered sep- 
arately only because they each affect the received images differently. 
Because of this fact, the same procedure used to reduce cross-modula- 
tion distortion will similarly reduce third-order intermodulation 
distortion. 

In the network designs given here, we assume that cross -modulation 

distortion will be the dominant form of^ distortion. The amount of 

cross-modulation' distortion a system will generate depends upon three 

factors. First, in a cascaded amplifier system of N amplifiers, the 

total percentage cross-modulation generated in the cascade is given by 

N 

(%»I)tot = X (XM). [5.1.11] 
i=l 

where (%XM)^ is the percentage cross-modulation generated within the 
(i)th amplifier in the cascade. Thus, if each amplifier in the cas- 
cade generates an* equal amount of distortion, the total percentage 
distortion grmerated is given by 

(%XM)^^^ = N X (%XM)^. [5.1.12] 
Expressed in decibels relative to one hundred percent cross-modulation, 
the total amount of cross-modulation distortion generated by the N- 
amplifier cascade is given by 
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XMCdbO^Q^ = XMCdb.)^ + 20 log^^ N, [5.1.13] 



whereijCMCdb.)-!^ is the percentage cross-modulation in decibels o£ any 
o£ the cable amplifiers in the cascade. 

The second factor affecting the amount of cross-modulation dis- 
tortion generated in a cascaded amplifier .system is the level at which 
signals are propagated through the system. Referring to equation 5.1.9, 
consider what happens when v^^, the signal voltage applied at the input 
of a repeater amplifier, is doubled. The voltage of the desired linear 
term of the amplifier's output signal, 3.-^ x v^^, is increased by a 
factor of two. The voltage of the cubic term of the amplifier's output 
signal, on the other hand, is increased by a factor of eight. Thus, 
the signal to. third-order distortion voltage ratio is decreased to one- 
fourth its previous value. 

An increase of one db. in the level at which signals are carried 
in a cascaded amplifier system causes an increase of two db. in the 
relative amount of cross -modulation distortion generated in the system. 
Similarly, a decrease of one db. in the level at which signals are car- 
ried in a cascaded amplifier system causes a decrease of two db. in 
the relative amount of cross-modulation distortion generated in the 
system. More generally, given two signal levels, and S^, the effect 
signal levels have on the amount of cross-modulation distortion gener- 
ated is described by 

XM(db.)^ = XMCdb.)^ + 2CS.^ - S.) db., [5.1.14] 

where XMCdb.)^ a^^d XMCdb.)c are the amounts of cross-modulation dis- 
^2 ^1 

tortion measured in decibels relative to one hundred percent distortion 
that are generated at signal levels of S2 and S-^ dBmV, respectively. A 
general observation that can be made is that for a given system, there 
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is a maximum level at which signals can be propagated if excessive dis- 
tortion is to be avoided. 

The third factor affecting the amount of cross -modulation distor- 
tion generated is the nmber of channels being carried within the 
system. The number of channels carried affects the amount of distor- 
tion generated because each additional channel on the^ system makes it 
possible for additional distortion products to be generated. Depending 
on the timing characteristics of the programming carried on the system, 
the effect changing the number of channels carried has on cross- 
modulation distortion generated is estimated in one of two ways. 

Recall that the effect of cross -modulation distortion upon 
received television images was to produce slanting bars in the received 
images; the bars themselves are images of the sync pulses carried on 
the interfering channels. Worst case interference occurs when the in- 
terfering signals have synchronous timing (i.e., when each signal *s 
timing is derived from a common source). In that case, the slanting 
bars produced by each interfering channel in the received image are 
superimposed, and their interference is much more discernible. Given a 
cascaded amplifier system generating XM(db.)j^ cross -modulation distor- 
tion when operating at a given signal level and carrying K channels of 
synchronous programming, if the number of channels of synchronous pro- 
gramming carried is changed to M channels, the resulting cross -modula- 
tion distortion generated is given by (3) 

XM(db..)j^ = XMCdbOK ^ 20 log^Q |. [5.1.: 
Tnis equation assumes an equal amount of cross-modulation is generated 
by each interfering channel. While this would provide an adequate est- 
imate of cross-modulation generated in most cases, to obtain a more 
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accurate measurement of the cross -modulation distortion the operator 

could measure and total each channel * s contribution to the system*s 

cross-modulation distortion. 

Synchronous cross -modulation interference occurs only if all of 

the programming carried on a system originates from a single location; 

more, commonly, the programming carried on a system originates from 

several locations. As a result, the programs' horizontal freqtlfencies 

vary slightly from one channel to the next, and the cross -modulation 

distortion generated by each channel adds randomly rather than synch- 

♦ 

ronously. The result of randon addition is that many weak, slanting 
bars rather than one well defined slanting bar are seen by viewers. 
Viewers seem to find that the effect of the random interference is less 
noticeable; this subjective evaluation is reflected in the CATV design 
rule of thumb that states that the interference in the case of randomly 
modulated signals increases only one-half db. for every one db. increase 
that would occur if the signals were synchronously modulated. (3) 
Specifically, given a cascaded amplifier system generating XM(db.)j^ 
cross-modulation when operated at a given signal level and carrying K 
channels of randomly modulated programming, if the number of randomly 
modulated channels of programming carried is changed to M, the resulting 
cross -modulation distortion generated is given by 

XM(db.)j^ = XM(db.)K 10 loglO Y' [5.1.16] 
In equations 5.1.13 through 5.1.16, we described how the number of 
amplifiers in a cascades, the level at which signals are carried in a 
cascade, and the number of channels carried by a cascade affects the 
amount of cross-modulation distortion generated in a cascaded amplifier 
system. These equations can be combined into one equation describing 
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the effect all of these factors have upon the amount of cross-modulation 
distortion generated. Assume that a cable system is to use cable ampli- 
fiers each generating XM(db.)^ cross-modulation distortion when carrying 
K channels of programming at a signal level of dBmV. If a cascaded 
amplifier system of N amplifiers carrying M channels of programming at 
a signal level of S2 dBmV is to be constructed, the amount of cross- 
modulation distortion that will be generated by the cascade is given by 

^'^'^''•^tot = ^(db.)i + 20 log^Q N + 2(82 - S^) 
^ + 10 log'^0 -. [5.1.17] 

This equation assumes that the channels carried have nonsynchronous 
modulation. 

The maximum level of cross -modulation distortion that can be toler- 
ated has not been agreed on. Simons reports that a cross -modulation 
limit of -46 db. at the television receiver's r.f. input should produce 
just perceptible interference. (3) Past CATV industry practice, how- 
ever, has been to design trunk systems and distribution systems so that 
each contributed -57 db . cross -modulation distortion, for a system 
total cross-modulation distortion figure of -51 db. The cable systems 
designed here, therefore, will be allowed to have a maximum level of 
cross-modulation distortion of -51 db. 

5.1.2.3 The Effects Of Received Signal Level Upon Signal Quality 

The third signal characteristic specifying the performance of a 
coaxial cable system is the level at which signals are delivered to 
users' premises. In the noise calculations done previously, we con- 
sidered the amount of noise generated in the cable system, but not 
the amount of noise generated in individual television receivers. 
Television receivers' noise figures range from 4.6 db. to 32.2 db.. 
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depending upon the design quality o£ the receiver and upon the particu- 
lar channel being viewed. (6) At received signal levels much, below 0 
^BmV, the additional amount o£ noise generated in a receiver having a 
high noise figure can cause the received images to have excessive 
"snowy*^ interference. For received signal levels above 0 dBmV, however, 
the amount of noise generated in individual receivers has an insignif- 
icant effect on the quality of the received images. Thus, the minimum 
signal level that should be delivered to users* premises is 0 dBmV. 

Similarly, there is a maximum signal level above whrch signals 
should not be delivered to users' premises; the maximum level depends 
upon the overload and reradiation characteristics of the receiving 
equipment used. Present CATV design practice is to set this level at 
no more than 10 dBmV. (6) It should be noted, however, that the signal 
level at the users' premises can always be reduced by the use of atten- 
uators. Thus3 the maximum delivered signal level is not actually a con- 
straint in the design of coaxial cable networks: 
5.1.2.4 Limits To Cable System Length and Ch'annel Capacity 

We can now consider the way in which these signal characteristics, 
signal-to-noise ratio, the amount of cross -modulation distortion gener- 
ated, and the level at which the signals are delivered to users, limit 
the length and the channel capacity of a coaxial cable network. Equa- 
tion 5.1.8 specifies the minimum signal level that must be maintained 
excessive signal degradation due to noise is to be avoided. 

S(min) = -59.2 + G^^^ + F^^^ +, dBmV. [5.1,8] 
This value of S(min) will ensure that a minimum of 43 db. SNR is main- 
tained. Equation 5 . 1 . 7 -relates the total amount of cross-modulation 
distortion generated within a cascade to the number of channels being 
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carried, the ntanber o£ amplifiers within the cascade, and the output 
signal levels at which the ajnplifiers are operated. Using the forward 
amplifiers whose specifications are listed in Table 5.2.3 of Appendix 5.2 
and assuming that thirty-five forward channels will be carried on the net- 
work, it can be shown that assuming a maximum of -51 db. cross-modula- 
tion distortion will be tolerated, the maximum signal level that can 
be carried on the network ^s forward channels is given by 

SCmax) = -51 - (-89) - 10 log^Q N + 35 dBmV [5.1.18] 
2 

where N is the number of amplifiers in a cascade. Thiis, the maximum ^ 
level at which signals can be propagated on the network is given by 

SCmax) = 54-10 log-|^Q N dBmV. [5.1.19] 
Equations 5.1.8 and 5.1.19 respectively give the lower and upp^r 
bound for the range of signal levels over which a cascaded amplifier sys- 
tem may be operated without causing excessive signal degradation due to 
noise and distortion. Examination of the two equations reveals several 
things. First, SCmax) and SCmin) will converge as N, the number of 
amplifiers in the cascade, increases. CSCmn) increases as F^^^, the 
total noise generated in the cascade, increases.) Since, by definition, 
the value of SCirdn) must be less than or equal to the value of SCmax), 
it follows that there is a limit upon the number of amplifiers that can 
be cascaded without causing excessive signal degradation. The maximum 
number of amplifiers that can be cascaded is approximated by 



NCmax) = antilog-|^Q 



S Cmax) - SCmin) 



20 

where SCmax) and SCmin) have been calculated for N = 1 Ci-^-^ for a 
single amplifier). Furthermore, because the values of SCmin) and 
SCmax) converge at an equal rate as N approaches NCmax), it follows 
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that the output level at which signals should be maintained is given by 

Sfopt^ = S(m&x) - S(min) £orN>l. [5.1.211 
2 

The absolute maximum number o£ amplifiers that may be cascaded in an 
ideal coaxial cable transmission system is given by equation 5.1.20; the 
number of amplifiers able to be cascaded in a practical system, on the 
other hand, is much less than NCmax) . This is a result of the assump- 
tions made in determining NCmax) . In particular, we assumed that the 
average gain of each amplifier was constant; we also assumed that the 
attenuation characteristics of the lengths of cable between amplifiers 
were constant. (Both these assumptions are embodied in the assumption 
that each amplifier in the cai^caSe will operate at the same signal 
level, and therefore will each contribute the same amount of noise and 
distortion.) Neither of these assumptions, however, is necessarily 
.true. Although the cable amplifiers when installed might have equal 
gains, as amplifier components age, the average gain exhibited by each 
amplifier can vary. In addition, the attenuation of a length of cable 
is temperature dependent; cable loss increases one percent for each 
ten degree Fahrenheit increase in cable temperature. (7) 

The effect of these variations on system design is that a cable 
system must be designed with a sufficient rang 3 between SCmin) and 
SCmax) to allow for the signal level variations that will occur due 
to amplifier aging and temperature changes . The difference between 
SCmin) and SCmax) is termed the system's tolerance. Because it 
specifies the range of signal levels which may be acceptably carried 
over the system, it can be considered a measure of the system quality. 
There are two criteria by which the tolerance needed in a cable 
• system is determined. The maximum tolerance needed corresponds to 

120 



id 

ERIC 



-112- 

the range o£ signal levels over which the automatic gain control cix- 
cuitry in the amplifiers lised can compensate. Two types o£ amplifiers 
are used- in cable networks. The first, manual gain amplifiers, have a 
fixed gain which is preset at the time of installation. The second 
type of amplifier usc.l incorporates automatic gain control circuitry 
that typically will constrain forward signal output levels to within 
+0.5 db. for a ^4.0 db. change in the input signal level. Use of these 
amplifiers periodically in the cascade ensures that excessive signal 
revel variation, with accompanying distortion or noise buildup, will not 
occur due to environmental factors. But because these amplifiers will 
only operate suitably over a limited range of input signal levels, the 
cable system is designed so that excessive shifts in signal levels can- 
not occur between automatic gain control (AGC) amplifiers. Thus, the 
maximum tolerance needed is equal to the range of signal levels over 
which the amplifiers^ AGC circuits can operate (typically eight db.). 

On the other hand, designing a system for maximum needed tolerance 
limits the number of amplifiers that may be cascaded, and in some 
cases, would make it impossible for all of the distant system users 
to be serviced by the network. IVhat then must be done is to use more 
AGC amplifiers than are necessary just to insure that amplifier AGC cir- 
cuitry can ^^track" over the expected range of system level variations. 
This is illustrated as follows. Suppose to insure that signal levels 
will vary no more than j;_4.0 db. anywhere in the cable system, at least 
one of every three cable amplifiers user must have AGC circuitry. By 
using an AGC amplifier for every second amplifier that is cascaded, the 
maximum amount that signal levels can vary will be constrained to 
approximately 2.5 db. As a result, the system now would require only a 
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5 db. tolerance^ rather than an 8 db. tolerance, be maintained. More 
amplifiers could be cascaded without causing excessive signal distortion 
this would require, however, the added cost o£ using more relatively 
expensive AGC amplifiers. In an actual cable design, the added cost 
of using more AGC amplifiers would be balanced against using low attenua 
tion, higher priced coaxial cable requiring fewer amplifiers to be 
cascaded, and the cheaper alternative would be chosen. 

We can now determine the minimum number of AGC amplifiers that will 
be required for the forward and reverse cable channels and for aerial 
and underground cable construction. Allowing +0.5 db. signal variation 
to account for imperfect automatic gain control per amplifier, it can be 
seen that AGC amplifiers should be placed so that signal levels cannot 
vary more than +3.5 db. between them. 

The effects of temperature on signal level variation can be 
determined as follows. Page (7) suggests that CATV systems by designed 
to operate over a- temperature variation of +85° F. from some median 
temperature. (Presumably this 170° F. temperature variation applies 
only to aerial construction; for underground construction at a depth of 
four feet, temperature varies only +20° F. from the local mean 
temperature.) (1) .We will assume, however, that an aerially installed 
system in the St. Louis area need operate only through +70° F. tempera- 
ture variations; that is, the system will be designed to operate 
acceptably from -10° F. to 130° F.* Assuming that all underground 



*The recorded temperature extremes for the St. Louis area are -11 ^F. 
and 106° F., while the average median temperature is 56 F. (8) The 
upper temperature limit of 130° used in the aerial system design is 
intended to include the effects of any additional heating caused by 
direct exposure to sunlight. 
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construction places cables at least 18 inches below ground, underground 
portions of the system are designed to operate at temperatures o£ 56° F. 

For a cable attenuation variation of one percent per 10° F., the 
+70° F. temperature variation that the aerially constructed portions of 
the system are expected to experience is equivalent to a signal level 
variation of +1.68 db. between amplifiers spaced 24 db. apart. In 
underground portions of the system, a +50° F. temperature variation 
corresponds to a signal level variation of +1.2 db. between amplifiers 
spaced 24 db. apart along the cable. Allowing +0.5 db. per amplifier 
to account for amplifier gain changes due to aging and imperfect gain 
control, the possible signal level variations that can occur for 
different use of AGC ampli-gjers in aerial and underground portions of 
the system are listed in Table 5.1.1. 

Table 5.1.1 lists the range of possible signal level variations 
that can occur for aerial and underground construction using different 
combinations of manual gain and automatic gain control amplifiers. It 
assumes that the level variation at the output of an AGC amplifier is 
within +0.5 db. of the desired level, regardless of the level of the 
amplifier's input signal. In this way, we can see that for aerial 
construction, if AGC amplifiers are alternated with manual gain 
amplifiers, a maximum signal level variation of +4.36 db. can occur 
between the AGC amplifiers in the cascade:^ Because the input circuitry 
of the AGC amplifiers can only compensate for input signal levels 
+4.0 db. from the desired signal level, it is obvious that in aerial 
construction, AGC amplifiers must be used exclusively if signal level 
variations are to be coi»trolled. Furthermore, aerial portions of the 
network using AGC amplifiers exclusively will need a minimum tolerance 
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of 4.36 db. (+2.18 db.) to ensure that all of the network's users will 
receive signals o£ acceptable quality. 

Similarly, Table 5.1.1 shows that in underground construction, AGC 
amplifiers can be alternated with manual gain amplifiers without allowing 
excessive signal level variation to occur. If AGC amplifiers, on the 
other hand, are only used for every third amplifier in cascade, excessive- 
signal level variation can occur. Alternating AGC and manual gain 
amplifiers in underground portions of the system, a maximum signal level , 
variation of +2.7 db. is possible; therefore, those portions of the 
network would require a minimum tolerance of 5.4 db. Examination of 
Table 5.1.1 also shows that if AGC amplifiers are used exclusively in 
underground portions of the network, signal level variations of up to 
+1.7 db. occur; thus, underground portions of the network built using 
AGC amplifiers exclusively require a tolerance of 3.4 db. This shows 
the tolerance required in a cable network can be reduced by using more 
AGC amplifiers than is absolutely necessary. By controlling signal 
levels more often, the required tolerance is reduced; this allows more 
amplifiers to be cascaded than could otherwise be done. 

Similar calculations can be made to determine how often AGC 
amplifiers must be used in the return channels of the network for aerial 
and underground construction. Because the return channels occupy a 
bandwidth from five to thirty MHz, rather than the fifty to three 
hundred MHz bandwidth of forward channels, the amount of attenuation 
return signals receive is much less than the attenuation given forward 
signals. 24 "db. interamplifier spacing at 300 MHz corresponds to 7.59 
db. interamplifier spacing at thirty MHz; thus, a +70'' F. temperature 
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variation corresponds to a signal level variation of +0.53 db. at 
thirty MHz. Similarly, a +50^ F. temperature variation corresponds 
to a signal level variation o£ +0.38 db. at thirty MHz. Table 5.2.3 
states that for arx input level variation o£ +3.0 db., the return AGC 
amplifiers used will constrain output signal levels to within +0.2 db. 
o£ the desired level. We assume in this design, however, that due to 
amplifier aging, the output signal level of the return AGC amplifiers 
will be constrained to within +0.3 db. of. the desired level; similarly, 
we assume that the manual gain amplifiers used can experience gain 
variations of up to +0.3 db. due to ajnplifier aging. Under these 
assumptions, every third return amplifier cascaded in the aerial 
portions of the network must have AGC; in underground portions of the 
network, at least every fourth return ajnplifier cascaded must have AGC. 

We have discussed how signal power level and the number of 
amplifiers in a cascaded amplifier system affect system performance. 
Similarly, we have discussed system tolerance and the method by which 
the required system tolerance is computed. Before the use of these 
factors is demonstrated in the design of one of the sample networks for 
the St, Louis metropolitan area, however, we must examine the effect 
that the highest frequency signal to be carried on the cable network 
has on the network's design. 

As discussed. previously, the signal attenuation of coaxial cable 
per unit length is directly proportional to the square root of the 
signal's frequency; (1) specifically, for a given type of coaxial cable, 
signal attenuation per unit length equals Y.^Jf db., where K is a 
constant characterizing the particular coaxial cable considered and f 
is the signal frequency measured in MHz. As a result, the amplifiers 

'12G 



-118- 



used to compensate for the cable's attenuation do not have a flat 
passband response; rather, their passbands are shaped so that signals 
having lower carrier freuqencies receive less attenuation than do those 
with higher carrier frequencies. For example, an amplifier giving 
24 db. amplification to 300 MHz signals would have a passband whose 
signal amplification as a function of frequency was LSaVrdb., where 
f is the signal's carrier frequency in MHz over the amplifier's 
passband, such as from fifty to three hundred MHz in the case of the 
forward cable amplifiers used here. Thus, 300 MHz signals would receive 
24.,db\ amplification, while 50 MHz signals would receive only 9.8 db. 
amplification at each amplifier. 

Because the tilt (i.e., shape) of each amplifier's passband can be 
adjusted during installation, the overall frequency response of the 
cable system normally needn't be considered during system design. 
Cable system design is affected, however, by the highest frequency to 
be carried on the cable network. Because the cable's attenuation is 
dependent upon the frequencies of the signals being carried, it follows 
that the highest frequency signals carried on the network will receive 
the most attenuation. In addition, the interamplifier spacing used 
will be dependent upon the maximum attenuation given any of the signals 
carried' As a result, the highest frequency carried on the network 
determines how closely repeater amplifiers must be spaced. And because 
only a limited number of amplifiers may be cascaded without causing 
excessive signal degradation, the highest frequency carried throughout 
the network determines the maximum distance over which a user may be 
serviced. 
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Table 5.2.3 lists the 24 db. interamplifier spacings at 
300 MHz for the different types of coaxial cable used to construct the^ 
system. At 55° F. , the 24 db. interamplifier spacing at 300 MHz for 
0.75 inch styrenefoam dielectric coaxial cable is 0.528 miles. If it 
were found that no more than thirty amplifiers could be cascaded without 
causing excessive signal degradation, the cable system can service 
users located no more than 15.84 miles from the headend if a full fifty 
to three hundred MHz bandwidth is to be delivered to all system users. 
If the cable system were to serve a very large metropolitan area, on 
the other hand, the 15.84 mile radius might be insufficient. In that 
case, a compromise between the number of channels delivered to all 
the users of the cable network and the most distant user able to be 
served by the network can be made. 

Assume that the most distant user to be reached by the network is 
located 17.5 miles from the system headend. Using 0.75 inch styrenefoam 
coaxial cable, 24 db. interamplifier spacing at 300 MHz is .528 miles 
while at 220 MHz, 24 db. interamplifier spacing is .528 300/220) miles 
or .617 miles. If the distant users need only receive channels having 
frequencies up to 220 MHz, then the system might be designed so that 
the cable carries signals having frequencies up to 300 MHz through the 
first fifteen repeater amplifiers; thesj fifteen amplifiers would be 
spaced .528 miles apart. Past the sixti---. th cascaded amplifier, 
however, ortly signals having frequencies less than 220 MHz would be 
propagated"; thus, these fifteen amplifiers could be spaced .618 miles 
apart. System users within 8.45 miles of the system headend would 
enjoy the use of forward cable fandwidth up to 300 MHz. Users located 

128 



^ -120- 

from 8.45 to 17.7 cable^ miles from the headend, on the other hand, would 
only be able to receive signals having carrier frequencies of up to 
220 MHz. Thus, the distance over which a cable system can operate can 
be extended if the cable bandwidth available to all system users can 
be reduced. To cover really large distances, however, requires severe 
reduction in the highest frequency carried by the cable network. 
5.1.3 A Coaxial Cable Network Design Example 
5.1.3.1 Introduction 

We have now considered all of the technical factors needed to make 
an initial design of a dedicated coaxial cable network. Using this 
information, the network designer can determine the types of coaxial 
cable and numbers of amplifiers required to service a particular area. 
Using the network component and construction cost estimates given in 
Appendix 5.2, therefore, the network designer should be able 
to make network cost estimates as a function of the different types of 
coaxial cable that might be used in building the network, and should 
be-able to determine the type of coax resulting in the least expensive 
network. This Appendix, when used in conjunction with the information 
of Appendix 5.2, constitutes a useful tool for the designer of dedicated 
coaxial cable networks. 

The remainder of this Appendix will illustrate the method by which 
the performance of a cascaded amplifier, coaxial cable transmission 
system can be verified. Using the design equations given in this 
Appendix with the amplifier specifications given in Table 5.2.3, 
we will examine the conditions under which maximum signal degradation 
occurs and we will verify that under these worst case conditions, 
signals will be able to be received with acceptable quality. In 
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addition, we will discuss the technical requirements o£ a digital 
return network as opposed to a network allowing return video transmission 
to any point in the network. An analysis o£ all of the networks 
presented in Chapter 2 will not be undertaken; besides being excessively 
long, it is felt that such an analysis is of marginal interest. Suffi- 
cient data is given in this Appendix and Appendix 5.2, however, to allow 
the interested reader to verify that the networks presented would 
operate satisfactorily while resulting in the least possible network 
cost. 

5.1.3.2 Designing The Return Video Network 

In the return video network , video programming originated 
anywhere in the network, transmitted through the cable system's return 
channels to the headend, and from the headend, distributed over the ,^ 
network to all users should be received with acceptable quality. The 
received signals should have a minimum signal-to-noise ratio of 43 db., 
a maximum of -51 db. cross-modulation relative to 100% cross-modulation, 
and should be received at signal levels over 0 dBmV. To insure that 
signals could be received with acceptable quality at any point of the 
network, we must examine the two worst propagation paths existing in 
the network. 

These two paths are the longest paths over which signals might be 
required to travel through all aerial and all underground cable construe- 
tion, respectively, flaking an initial assumption that all of the 
network's aerial construction will be done using the type of cable 
resulting in the least possible aerial network cost, and that all of 
the network's underground cable construction will- be done using the type 
of cable resulting in the least possible underground network cost, 
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one of these paths will require signals to pass through the largest 
return and forward amplifier cascade existing in the network. If the 
signals, having passed through the largest cascade, can be received 
with acceptable quality, it follows that video programming originated . 
anywhere in the network will be able to be received at any other point 
in the network with acceptable quality. If, on the other hand, signals 
received over the worst case propagation paths cannot be received 
with acceptable quality, the network designer will either be required 
to use a different type of coaxial cable for parts of the network, or 
the number of channels delivered to all of the network's users will 
have to be reduced. The maximum return and forward amplifier cascade 
length can be reduced using either method. 

Because digital signals are less vulnerable to degradation due to 
noise and distortion, a network allowing video programming to be 
originated at any point in the network will also allow digital signals 
to be transmitted from any point in the network. Thus, we do not have 
to consider the transmission of digital signals while designing the 
return video network^ The effects of noise and distortion on digital 
signal reception will be discussed later. 

The aerial construction worst case propagation path is located in 
the network's spoke four (see Figure 3. in text). A signal originated 
at the most distant point in spoke four and then received over the net- 
work's forward channels at the most distant point in spoke four would 
be required to pass in both directions through 14.4 miles of aerial cabl 
construction. Assuming that all of the network's spoke three (see Figur 
2 in text) was built using underground construction, the underground 
worst case propagation path.would be traveled by: a signal originated by 
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spoke three's most distant user and then received on the network *s 
forward channels by spoke three's most distant user. The signal would 
be required to pass in both directions through 10.27 miles of under- 
ground cable construction. 

In determining the type of cable resulting in the least cost for 
aerial portions of the cable network, several factors have to be consi- 
dered. First, it should be remembered that if signal levels are to be 
controlled over the range of temperature variations the aerial portions 
of the network will experience, AGC amplifiers will have to be used 
exclusively for the network's forward channels. Because AGC amplifiers 
are more expensive than manual gain amplifiers, total aerial network cost 
might be reduced by using a large diameter, low loss cable in aerial 
portions of the network. In addition. Table 5.2.6 indicates 
that the cost of installing aerial portions of the network is independent 
of the size of the cable to be installed. As a result of these two 
factors, it can be shown that the cost per mile of aerial portions of 
the network is minimized if .75 inch styrenefoam dielectric coaxial 
cable is used. 

Using .75 inch styrenefoam dielectric coaxial cable, 24 db. 
interamplifier spacing at 55° F. for 300 MHz signals is .528 miles. Thus, 
signals originated and then received at the most distant point in spoke 
four will be required to pass through twenty-seven return amplifiers, 
the headend, and twenty-seven forward cable amplifiers. All forward 
amplifiers used plus the headend will have automatic gain control 
circuitry, while one-third of the return amplifiers used will have 
automatic gain control circuitry. With this information, plus the 
specifications of the air.plifiers given in Table 5.2.3, we can 
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determine i£ signats will be excessively degraded over the worst case 
aerial propagation path. 

Equations 5.1.4, 5.1.5, and 5.1.8 allow us to detei:mine the 
minimum signal level that can be acceptably propagated through a cascaded 
amplifier system. For convenience, equation 5.1.4, which determines 
.'the noise factor of an N+1 amplifier cascade, is repeated below.' 



f = f 

1;2N+1 



Terms of the form n gj represent the gain of the cascade measured at the 

j=l 2i-l 
input of the (i+l)th amplifier, while terms of the form U g^- 



i=l 



^2i+l 



2i 

ngj J 



i=l 



j=l 



-1 



[5.1.4] 
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3 



represent the gain of the cascade measured at the output of the (l)th 
amplifier,. Cascade gain measured at the input of an amplifier is equal 
to the amount of signal level variation present at that point in the 
cascade, while cascade gain measured at the output of an amplifier is 
equal to the amplifier's nominal gain plus the amount of signal level 
variation occuring at that point in the cascade. 

By examining the terms of equation 5.1.4, we can determine under 
what conditions cascade noise factor will be maximized. The individual 
noise factors of the amplifiers used can be assumed to be constant over 
the range of signal levels used in cable transmission systems. The 
cascade gain at the inputs and the outputs of the amplifiers used, on 
the other hand, are influenced by the environment in which the system is 
operating and will greatly affect the cascade's noise factor. Cascade 
gain at the input of the amplifiers ( Tf g j ) will be on the order of 



j=i 



unity, while cascade gain at the output of the amplifiers ( ^fl^ gj) 

j = l ^ 

will be on the order of ten and one hundred for return and forward 
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amplifiers respectively. Therefore, examination of equation .5 . 1 .4 
shows that cascade noise factor will be maximized when the gains mea- 
sured throughout the system are minimal. 

Every third return amplifier cascaded will have AGC. Assuming that 
signal levels are constrained to within +0.3 db. at the output of a 
return AGC amplifier, while the manual return amplifiers can experience 
gain variations of +0.3 db., the range of signal "level variations poss- 
ible at the inputs and outputs of the first manual . return amplifier, 
second manual return amplifier, and the AGC return amplifier cascaded 
are given below. 

1st man. amp. 2nd man. amp. AGC amp. 
Input Level Variation +0.83 db. +1-66 db. +2.49 db. 

Output Level Variation +1.13 db. +1.96 db. +0.30 db. 

The nominal gain of the return amplifiers is 7.59 db., and the noise 
figure of the return amplifiers is 9 db= Converting these specifications 
from decibel to linear notation and using equation 5.1.4, it can be 
seen that the worst case noise factor for the twenty-seven aerially 
cascaded return amplifiers is given uy 

f"'^^ = 7. 94 + 7. 94 r 8 + 9 + 9 1 

1826 .682 .563] 

- r 9 + 9 + 8j = 310.6 . [5.1.22] 

L4T43 3.66 5.36J 

We will assume that the headend equipment required to transfer 

programming from the return to the forward channels has an eight db. 

noise figure, and gain and signal level variation control properties 

similar to those of a forward AGC cable amplifier. The specifications of 

the forward cable amplifiers used are given in Table 5.2.3, 

while the possible signal level variations for an aerially installed 
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forward cable system using AGC amplifiers exclusively are given in Table 
5.1.1. Using this information in equation 5.1.4, it can be seen that 
the worst case noise figure for the cascade consisting of the headend 
signal processing equipment and the twenty-seven cascaded AGC amplifiers 
is given by 

f^^^ = 6.31 + 6.31 X 27 - 27 = 287.3 . [5.1.23] 
fwd 7606~ 224 

The total worst case noise factor for the aerial system can be 
determined using equation 5.1.3. The cable's return amplifier cascade 
is considered to* be the first device being cascaded; its worst case 
noise factor is shown in equation 5.1.22 to be 310.6 with a corresponding 
(linear) gain of 5.36. The second device being casca,ded is the length 
of cable connecting the output of the last return amplifier to the head- 
end; its worst case noise factor is 6.49 with a corresponding (linear) 
gain of 224 (23.5 db.). Using this information with equation 5,1.3, 
the worst case naise factor for the aerial cable system is given by 

f!!^ = 310.6 + 5.49 + 286.3 = 658.7 . [5.1.24] 
5.36 .825 

Thus, the aerial system's worst case noise figure is 28.2 db.; using 
equation 5.1.8, the minimum signal level ensuring that received signals 
will not be excessively degraded due to noise under worst case conditions 
is given by 

S(min) = -59.2 + 22.7 + 28.2 + 43 dBmV. " [5.1.25] 

This value of S(min) corresponds to the minimum allowable signal 
level at the output of the cascade's forward amplifiers; the corresponding 
minimum signal level at the output of the cascade's return amplifiers 
would be nominally sixteen db. less. Under worst case noise conditions, 
the overall gain of the entire cascade is 22.7 db. 
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Before considering the maximum signal levels able to be carried 
on the cascade under worst case distortion conditions, one final obser- 
vation concerning S(min) can be made. Since the minimum signal level 
allowed at the output o£ the forward cable amplifiers is 34'.'7 dBmV, it 
follows that the minimum signal level existing anywhere in the forward 
cascade is 11.2 dBmV. This minimum cascade signal level occurs at 
the inputs to the forward amplifiers under worst case noise conditions. 
Delivering signals to users at levels greater than the required 0 dBmV, 
therefore, will be possible under worst case noise conditions. 

We now determine the maximum signal levels able to be carried on 
the cascade under worst case distortion conditions. By first determining 
the amount of distortion generated at an arbitrary signal level, the 
signal level at which -51 db. distortion will be generated can then 
be computed. This is the maximum signal level able to be carried on the 
network. 

Table 5.2.i shows that the forward amplifiers used in the 
cascade each generate -89 db. distortion when carrying 35 channels at 
an output level of 35 dBmV. Assuming the system is designed to operate 
at forward amplifier output levels of 35 dBmV, imperfect level control 
would allow forward amplifier signal levels of up to 35.5 dBmV to occur; 
each forward amplifier would then generate -88 db. distortion. Because 
each amplifier and the headend equipment are operating under identical 
conditions, computation of the total distortion generated by the cascade's 
twenty-seven forward amplifiers and the headend equipment under worst 
case conditions is straightforward. Referring to equation 5.1.13, 

XM(db.)^^^, = -88 + 20 log^g^ 28 = -59.1 db. [5.1.26] 
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The amplifiers used in the return signal portion of the network, 
however, do not operate under identical conditions. Since AGC amplifiers 
are used only for every third amplifier in the return signal cascade, 
under worst case conditions the maximum signal level possible at each 
amplifier is determined by the amplifier's position in the cascade. As 
a result, calculating the distortion generated under worst case conditions 
by the return amplifiers in the cascade requires that each amplifier's 
contribution to the distortion generated be determined. Tliese individual 
amplifier distortions can then be totaled, and their stun converted to 
decibels with respect to one hundred percent cross-modulation distortion. 

If- the cascade's forward amplifiers are designed to operate at a 
signal output level of 35 dBmV, the * corresponding return amplifier signal 
output level is 18.6 dBmV. Therefore, imperfect signal level control 
would allow the output levels of the return AGC amplifiers used to 
reach 18.9 dBmV. Similarly, the output level of the manual gain amplifier 
following an AGC return amplifier in cascade could be as high as 19.7 
dBmV and the output level of the second manual gain return amplifier 
following an AGC return amplifier in cascade could reach 20.6 dBmV. 

Referring to Table 5.2.3, the return amplifiers each 
generate -92 db. cross-modulation distortion when carrying three channels 
at an output level of 34 dBmV. Thus, each of the nine cascaded return 
AGC amplifiers would generate -122.2 db. cross-modulation distortion, 
which corresponds to 7.75 x 10""^ percent cross -modulation distortion 
generated per return AGC amplifier. Each manual gain amplifier following 
an AGC amplifier in cascade could generate up to -120.6 db. distortion, 
corresponding to 9.35 x 10 ^ percent cross-modulation distortion generated 
per amplifier. Finally, under worst case distortion conditions, each 
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second manual gain return amplifier following a return AGC amplifier in 
cascade could generate up to -118.8 db. distortion; this corresponds to 
1.15 X 10""^ percent cross-modulation distortion generated per amplifier. 

Nine of each type of return amplifier will be in the return amplifier 
cascade. Therefore, the total percentage of cross-modulation distortion 
generated by the return amplifiers under worst case distortion conditions 
is given by 

% XM = 9(7.75 X 10"^ + 9.35 x 10"^ + 1.15 x 10'^). [5.1.27] 
The total percentage cross -modulation generated by the -return amplifiers 
under worst case conditions is 2.57 x lO"^ percent. This corresponds to 
-91.8 db. cross-modulation distortion. 

We have shown that if the cascade is designed to operate at a for- 
ward amplifier signar output level of 55 dBmV, the cascade's forward 
amplifiers can generate up to -59.1 db. xdistortion, while the cascade's 
return amplifiers can generate up to -91.8 db. cross-modulation distortion. 
Converting each of these figures to percentage distortion with respect 
to one hundred percent ^distortion, it can be shown that the maximum 
distortion generated by the cascade, assuming the cascade is designed 
to operate with a forward amplifier signal output level of 35 dBmV, is 
0.113 percent, which is equivalent to -58.9 db. cross-modulation 
distortion. 

We previously stated that a maximum of -51 db. cross -modulation 
. distortion could be generated by the cascade without causing excessive 
signal degradation. The cascade generates -58.9 db. distortion under 
worst case conditions when designed to operate at a forward amplifier 
signal output level of 35 dBmV. By considering the effect that increasing 
the cascade signal level will have upon the amount of distortion 
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generated, we will fe able to compute SCmax), the forward amplifier 

signal output level causing a total distortion of -51 db. to be generated. 

Because different amounts of signal level variation are possible at 

different points^in the cascade, the amount of distortion 'generated by 

a particular amplifier under worst case conditions is dependent upon the 

amplifier's cascade position. We previousl>f noted that the amount of 

distortion generated by each amplifier will increase two db. for each one 

db. increase in output signal level. Thus, an increase in cascade signal 

level would affect the amount of distortion generated if relative signal 

levels at the inputs and the outputs of the cascade's amplifiers remain 

fixed. An increase in the cascade signal level would not, however, affect 

the amount of signal level variation occuring at the inputs and outputs 

of the cascade's amplifiers; therefore, the amount of additional distortioi 

generated due to signal level variations in the system under normal 

operating conditions is independent of the cascade's design signal level. 

The total distortion generated by any cascaded amplifier system will 

increase two db. for each one db. increase in cascade signal level. Thus, 

the cascade signal level at which -51 db. cross-modulation distortion will 

be generated under worst case distortion conditions is 

S(max) =-35 + (-51 - (-58.9)) = 38.95 dBmV , [5.1.28] 

2 

Consider now the relation of S(min) given in equation 5.1.25 with 
S(max) as given in equation 5.1.28. S(min), which in this example is 
34.7 dBmV, is the minimum forward amplifier signal output level for which 
the system should be designed to operate if signals a^e not to be 
excessively degraded by noise at any time. S(max), on the other hand, is 
the maximum forward amplifier signal output level for which the system 
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should be designed to operate i£ signals are not to be excessively 
degraded by distortion at any time. Because 38.95 dBmV, the value of 
SCmax), is greater than the value of S(min) by 4.25 db., it follows 
that. the aerial cascaded amplifier system we have examined allows signal 
level variation of +^2.13 db. from the cascade's optimum signal level, 
in addition to any level variations caused by temperature variations 
and amplifier aging , before excessive signal degradation can occur. 
Because under worst case conditions, S(max) is greater than S(min), the 
cascade will be able to distribute signals under all conditions without 
generating excessive. noise or distortion. 

It should be noted that, in this case, the 4.25 db.. margin between 
the values of S(max) and S(min) is not the tolerance of the system. The 
concept of a system's tolerance, (3) as was discussed earlier in conjunct- 
ion with equations 5. 1 . 19 and 5. 1 . 20, is useful iff' illustrating the 
effect of adding additional amplifiers to a cable system. It assiames, 
however, that all of the cascaded amplifiers are identical; in addition, 
it assumes that all of the cascaded amplifiers operate under the same 
conditions, and therefore will each generate identical amounts of noise 
and distortion. Under these assumptions, S(min) is defined to be the 
minimum cascade signal level allowing signals to be propagated without 
excessive noise degradation, while S(max) is defined to be the maximiom 
cascade signal level allowing signals to be propagated without excessive 
degradation due to distortion. Tolerance is the difference between S(max) 
and S(min) determined under these assumptions. 

In our bidirectional cable system, on the other hand, we have seen 
that three types of amplifiers (forward AGC, return AGC, and manual gain 
return amplifiers) were cascaded » In addition, different amounts of 



-132- 



o£ signal level variation were possible for each type of amplifier. As 
a result, there are no well defined signal levels at which excessive 
noise and distortion are generated, making the system's "tolerance^' 
meaningless . 

Instead, we computed the minimum and maximum signal levels between 
which the system should be designed to operate. If signal levels were 
set between S(min) and S(max) under ^'zero-variance^' conditions, the 
designer insured that under worst case conditions, signals could be 
propagated without excessive noise or distortion interference being 
generated. There is no straightforward procedure allowing the number 
of additional amplifiers that may be cascaded without causing excessive ' 
signal degradation under any conditions to be determined for networks 
utilizing several amplifier types.. 

We have shown that for the video return network, aerial sections 
should be built using .75 inch styrenefoam cable, using forward AGC amp- 
lifiers exclusively and using an AGC amplifier for every third amplifier 
in cascade. Similarly, it can be shown that the least expensive return 
video network results if underground portions of the network are built 
using .5 inch styrenefoam coax, using forward AGC amplifiers exclusively 
and using an AGC amplifier for every third return amplifier in cascade. 

First, users of the network can receive video programming. In the 
digital return network, however, video programming can be originated 
only from the headend; thus, video signals originated at the system 
headend and propagated only through the system's forward amplifiers must 
be able to be received with acceptable quality by the system's users. As 
was the case for the video return network options, received video signals 
are to have a minimum signal-to-noise ratio of 43 db., no more than -51 
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db. total cross-modulation distortion, and should be received at a signal 
level greater than 0 dBmV. 

Unlike video signals, however, digital signals may be originated 
from any point in the digital return network option. As a result, a 
digital signal traveling both through the network's return and forward 
cable amplifiers must not be excessively degraded. In this section, we 
will discuss the effects of cascade-generated noise and distortion upon 
the reception quality of digital signals. 

The effect of noise and distortion on the reception of digital sig- 
nals is to mask the signal transmitted from the information source. In 
on-off keying, for example, the random variations of the noise generated 
in the cable system could combine subtractively with a pulse transmitted 
over the network. As a result, it would appear to the receiver that no 
pulse had been transmitted and the receiver would indicate that a binary 
"0", rather than a "1", was received.' ,0n the other hand, if a burst o£ 
random noise occurred during an interval when a pulse had not been trans- 
mitted, it would appear that a pulse had been transmitted and the receiver 
would indicate that a binary "1", rather than a "0", had been received. 
In either case, one bit error would have been made. 

The criterion by which the quality of digital signal transmissions 
are judged is the probability that an error will occur. Using a coaxial 
cable channel and a Network Interface Unit to deliver data from the PLATO 
IV central computer to 1008 student terminals, for example, probabilities 
of error on the order of lO'^ are realized. (9) Since data is transmitted 
from the central computer at a rate of 1.2096 x 10^ bits per second, the 
mean rate at which bit errors will be made is on the order of twelve per 
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ten seconds. This is acceptable for a system such as PLATO IV; a system 
user normally would not notice whfther a single point in his terminal's 
plasma panel display had wrongly ^S^eelni lit or extinguished. In transmit- 
ting other types o£ digital data, on the other hand, a channel resulting 
in a probability o£ error o£ 10 ^ might cause an unacceptable number o£ 
errors to be made. Such a system would require that a higher quality 
channel resulting in a lovvo. rvobability o£ error be used. 

Because the statistical description o£ the nonlinear distortion gen- 
erated in a cable system is not similar to the description o£ the thermal 
noise generated in the system, the e££ects o£ distortion on mean probabil 
ity o£ error in digital signal transmissions can be di££erent £rom the 
e££ects o£ noise. In the case o£ a network carrying synchronous 
video programming, digital signals would be regularly compressed in 
amplitude at intervals corresponding to the times the video programming ' s 
sync pulses were being transmitted. I£ the digital signals were being 
transmitted using a £orm zf aniplitudc modulation, during these intervals, 
it is reasonable to expect ti at bit errors would be more likely to occur. 
Experience with broadband cable systems carrying many independent channel 
o£ programing, however, ha^^ shovm that the e££ects o£ distortion can be - 
likened to the e££ects that an additional amount o£ -random noise would 
have on the received signal *s probability o£ error. (1) We will assume 
that the digital return networks being designed carry mostly non- 
synchronous video programming and that the e££ect o£ the nonlinear distor 
tion generated in the networks will be to increase the e££ective amount o 
noise interference that r.u5*t be overcome. 

The minimum signal - ...-noise I'tio allowed video signals received 
through the digital return network's £orv/ard channels is 43 db.; that 
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is, the level of noise generated by the forward amplifers must be at 
least 43 db. below the level at which signals are carried through the 
cascade. Digital signals originated other than at the headend, however, 
would also be propagated through one spoke's return a^iiplifiers and would 
receive additional degradation in the return amplifiers. In the course 
of this work, it was found that if the minimum number of return AGC 
amplifiers required to control signal level variations were used in the 
digital return networks (this corresponds to at least every third return 
amplifier used in aerial portions of the network, and every fourth return 
amplifier used in underground portions of the network), excessive noise 
would be generated. For example, if we conservatively assume that the 
return cascade generates up to three times as much noise as does the for- 
ward cascade, the resulting minimum signal-to-noise ratio of digital signals 
propagated through both the forward and return cascades would be on the 
order of 37 db. 

Additional interference would be generated by the cascades in the 
form of nonlinear distortion. In the forward cascade, for example, -51 
db. cross-modulation distortion is allowable. But compared to the thermal 
noise generated in the cascades, this additional interference would have 
little effect; we can estimate that it would lower the minimum 
signal-to-noise ratio of received digital signals a further two db., 
resulting in received digital signals having an effective signal-to-noise 
ratio of 35 db. And because signals are propagated at relatively low 
levels in the return cascade while the return cascade's bandwidth does 
not allow a great number of signals to be carried (compared to the 
forward cascade), the distortion generated in the return cascade is 
insignificant and for the purposes of this discussion cart. be ignored. 
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The mathematical relationships between a channel's signal-to-noise 
ratio and the signal probability o£ error that will result i£ a parti- 
cular type o£ modulation technique is used are described in many availabl 
communications theory texts. ^2, 10) One type of modulation technique 
that might be used on che dedicated networks, m- level amplitude shift 
keying (m-ary ASK^ , illustrarcs the digital signal reception quality that 
can be expected from a network able to distribute video signals of accept 
able quality from the headend and in which only the minimum number of AGC 
anplif.ijrs required to control signal level variations have been used. 

Assuming the network will distribute digital signals originated at 
any point in the network to any other point in the network with a minimum 
signal-to-noise ratio of 35 db., if m-ary ASK is the modulation technique 
used, signals having up to eight levels (i.e., 2<m<8) can be received 
with error probabilities of less than lO""^^, (1) If the signal level at 
which the digital signals are carried on the network is reduced, or -if 
other types of modulation techniques are used, similar acceptably low 
probabilities of error should result. 

As a result of this fact, a general conclusion can be made. In the 
design of a digital return network, the principal factor affecting the 
network design is the amount of degradation signals will receive in the 
forward cascade. If video signals rnay be distributed from the headend 
without being excessively degraded, md if the minimum number of AGC 
amplifiers required to control signal level variations is used in the 
return cascade, digital signal transmission with acceptably low probabil- 
ities of error will be possible, A^^ a result, the forward cascades of 
the digital return networks presented in Chapter 2 were designed to be 
able to acceptably distribute video programming from the headend. The 
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return cascades, on the other hand, use the minimum number o£ AGC ampli- 
fiers required (at least every third amplifier in aerial portions of the 
network, and at least every fourth amplifier in underground portions of 
the network) to control signal level variations. These were the criteria 
used in the design of the digital return networks presented in Chapter 6. 
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APPENDIX 5.2 

SPECIFICATIONS OF THE COMPONENTS USED IN 
DESIGNING THE EXAMPLE NETWORKS 

As ci.iscv:3sed previously, there are several factors that influenc 
the design of a practical dedicated coaxial cable network. Among 
these aro thu cable's attenuation, the amount of noise and distor- 
tion generated in the amplifiers, and the range of temperatures over 
which the network is expected to operate acceptably. Equally 
important in the decision of which components and techniques will 
be used is the resulting system cost; usually, the system chosen is 
one meeting the signal quality specifications as cheaply as possible. 
To aid the interested reader in understanding the design of the 
networks presented in Chapter 2, network component specifications 
and costs will be briefly presented here. Thus, the interested ^ 
reader can verify that the proposed networks not only meet signal 
quality specifications but also meet them as inexpensively as 
possible. This fact can be proven by substituting different cable 
types in the network and noting the effect on' total system cost 
and performance. 

Coaxial cables that might be used in the distribution system 
of the dedicated network are available in three sizes and with 
two types of dielectric. Table 5.2.1 lists the maximum attenuation 
each type of cable gives a 300 MHz signal and a 30 MHz signal at a 
temperature of 55*" F. , the average median temperature for the St. 
Louis area. (1) The resulting 24 db. interamplifier spacing for 
each type of cable is listed in Table 5.2.2. 
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Table 5,2,1: Signal Attenuation as a Function 
o£ Cable Size and Dielectric (2, 3) 



Maximum loss per 100 ft. at 55^ F. , 300/30 MHz 



Cable diameter 
0.412 in. 
0.500 in. 
0.750 in. 



Polyfoam Dielectric 
1.92/0.61 db. 
1.60/0.51 db. 
1.16/0.37 db. 



Styrenefoam Dielectric 
1.60/0.51 db. 
1.28/0.41 db. 
0.86/0.27 db. 



Table 5.2.2: 24 db . Interamplif ier Spacing as a 
Function o£ Cable Size and Dielectric 



2£ db . amplifier spacing at_ 55^ , 300 MHz 



Cable diameter 
0.412 in. 
0.500 in. 
0.750 in. 



Polyfoam Dielectric 
0.236 mi. 
0.284 mi. 
0.391 mi. 



Styrenefoam Dielectric 
0.284 mi. 
0.375 mi. 
0.528 mi. 
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The performance 'Specifications for typical amplifiers used 
for forward and reverse communications are listed in Table 5.2.3. 
Also listed in Tabic- 5.2.3 are the AGC/ALC characteristics (where 
:^^r>l. c^le) of the amplifiers. The system designs presented here 
assume that aerial portions of the network experience temperatures 
from -15 to 125° F. , while underground portions of the network 
experience temperatures from 5 to 105° F., regardless of the install 

t Ion method used. 

The method by which the degree of AGC required in the network 
can be determined is discussed in Appendix 5.1. If one-half db. 
.aaxiffluia signal level variation at a forward amplifier's output is 
ri.-lowed to account for imperfect gain control and amplifier aging, 
tnen AGC/ASC amplifiers must be used exclusively in aerial construc- 
t^ioa, while manual gain amplifiers may be alternated with AGC/ASC 
amplifiers in underground construction if these assumptions hold. 
Sinilarly. assuming 0.3 db. gain variation at the output of reverse 
amplifiers, at least one-third of the reverse amplifiers used in 
aerially constructed portions of the network must be AGC amplifiers 
while one quarter of the amplifiers used for reverse communications 
in underground portions of the network must have AGC. 

The following are the minimum acceptable video performance 
specifications for a signal received anywhere in the network: 

Signal to noise ratio " 43 db. (NCTA] 

Maximum allowable cress-modulation distortion = -51 db. 
Minimum received signal level = 0 dBmV. 

Th'e signal-to-noise ratio ii- referenced to a 4 MHz noise bandwidth 
and is measured with respec. o the level of signals' sync pulses. 
Similarly, cross-modulation distortion is measured with respect to 
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Ta ble 5.2.5: Typ ical CATV Amplifier 
Pfirformance Specifications C^J, 



Forward JTr mik Amplifier Specifications : 

Operating Bandwidth 
Cross-modulation (at 24 db. gain, 35 

channel operation)* 
Second-order distortion 
Third-order distortion ^ 
Typical Noise Figure (24 db. gain)* 
Automatic Level Compensation 

Automatic Slope Compensation* 



50-300 MHz 

^89 db. at 35 dBmV 
-79 db. at 35 dBmV 
-98 db. at 35 dBmV 
""8 db. 
+ 0.25 db. 
for +^ 4*db, 
+ 0.25 db. Output Change 
for 0-8 db. Cable Change 



Output Change 
Cable Change 



Reverse Trunk Amplifier Specifications : 

Operating Bandwidth 
Cross-modulation (at 14 db. gain, 3 

channel operation)** 
Second-order distortion 
Third-order distortion ^ 
Typical Noise Figure (16 db. g^in)*^ 
Tilt-compensated Automatic Control** 



6-30 MHz 

-92 db. at 34 dBmV 
-79 db. at 34 dBmV 



9 db. 
+ 0.2 
for + 



db. Output Change 
3 db. Cable Change 



Notes : 



a, .uto.atic Level Compensation Is the .anufacturex. s te^ 

for its forward amplifier AGC ^circuitry . 

b) Tilt-compensated Automatic Control is the --^-^--'^ 
term for return amplifier fixed slope AGC circuitry. 



*At 300 MHz. 
**At 30 MHz. 
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sync level. By maintaining the received signal level atove 0 dBmV, 
individual receiver aoise figures should not noticeably affect the 
amount of noise discerned in received signals. (5) 

Having listed the technical characteristics of the components 
that -m^^^ght be used in the construction of the dedicated netv.ork, 
their respective costs can be listed. The 1972 prices of the various 
types of coaxial cable that might be used are listed in Table 5.2.4. 
These prices are for cable purchased in quantities of forty miles 
or greater. The 1975 prices of amplifiers used in the system 
are listed in Table 5.2.5. 

There are many types of miscellaneous equipment needed that 
also contribute to the final cost of the network's coaxial cable 
distribution system. Examples of this equipment include the 
components needed to connect users to the cable distribution system 
and the electronic ^equipment needed to interface programming originat 
at the various users' facilities and at the headend into the distri- 
bution system. Because this equipment does not comprise a signifi- 
cant portion of the total system cost, it is not to be discussed 
here in detail; readers wishing a detailed description of the 
equipment's cost are urged to consult Weinberg's report. (2) An 
esMmate of miscellaneous equipment cost will be included in the 
system cost estimates given in Chapter 3 of the text. 

^ Another factor contributing to total system cost is the cost 
of the methods used to install various sections of cable. Repre- 
sentative per mile costs for each of the three methods used, 
aerial construction, direct burial construction, and installation 
in existing conduits, are outlined in Ta.bles 5.2.6, 5.2.7, and 5.2.8 
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Table 5,2,4: Typical 1972 Coaxial Prices (2) 

Cost per Mile 

Cable diameter and type Polyfoam Dielectric Styrenefoam Dielectric 
0.412»» Diameter 

Jacketed $ 510.00 $ 581.00 
Jacketed with Flooding 

Compound 551.00 611.00 
Jacketed with Flooding 

and Armor 855.00 913.00 



0.500" Diameter 

Jacketed $ 681.00 $ 762.00 
Jacketed with Flooding 

.Compound 737.00 805.00 
Jacketed with Flooding 

and Armor 1088.00 1214.00 



0.750»^ Diameter 

JciCketed $1295.00 $1500.00 

Jacketed with Flooding 

Compound 1408.00 1535.00 

Jacketed with Flooding 

and Armor 1890.00 2225.00 



Note; Prices given are for quantities of forty or more miles of 
cable purchased. 
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Tablo 5.2 5: Typical 1975 Amplifier Costs (4) 



Amplifier Type . Amplifier Cost 

Trunk amplifier having manual gain 
control in both forward and 

reverse directions $ 798 

Trunk an^lifier having AGC/ASC in 

forward direction, manual gain 

control in reverse direction $ 926 

Trunk amplifier having manual gain 
control in forwar^d-direction, 

AGC in reverse direction $ 878 

Trunk amplifier having AGC/ASC- in 
forward direction and AGC in 

reverse direction $1026 

Trunk amplifier having manual gain 
control in both directions and 

having bridging capabilities $1183 

Trunk amplifier having AGC/ASC in 

forward direction, manual gain 
control in reverse direction, and 

having bridging capabilities $1311 

Trunk amplifier having manual gain 
control in forward direction, 
AGC in reverse direction, and 

having bridging facilities $1263 
Separate bridger amplifier * $ 784 



Notes: -a) The forward direction refers to signals being carried from 
the headend outward to the users; the reverse direction, on 
the other hand, refers to signals being carried from users 
»back to the headend. 

b) AGC refers to automatic gain control of an amplifier the 
shape of whose frequency response curve is fixed. AGC/ASC, 
on the other hand, refers to both automatic gain control and 
automatic control of the slope (shape of the frequency res- 
ponse curve) of the amplifier • For . a discussion of the 
required frequency response of a coaxial cable repeater 
amplifier, see Appendix 5.1. 

c) Bridger amplifiers are required whenever the cable network 
divides into two sections of cable of appreciable length. 
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Table 5.2.6: Typical Construction Costs (2) 



Aerial Plant One Mile In Length :'C1972 prices) 

Fo r a Single Cable 

Pole rearrangement cost (per mile) $ 700 

Hardware and parts cost Cper mile) 400 
Construction costs at $,25 per foot -^3^0 
Technical supervision (per mile) 

Electrical equipment installation and balance (per mile) 15U 
Miscellaneous engineering 

TOTAL COST , 



Fo r Second Cable Installed at Time of 
Initial Installation 

Hardware and parts cost (per mile) $ 400 

Construction costs (15% of 1st construction cost) 198 

" Electrical equipment installation and balance (per mile) 150 
Technical ^supervision * 



TOTAL COST 



$ 798 
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Cable diameter 



Table 5.2.7: T^p ical Construction Costs (2) 

Di rectly Burled Mant One'Mile In Length, (197'2-^.Pr.icgs l 

Per Mile Trenching, Back Filling, and Compacting Costs 

Trenching (independent of depth up to 18'' iii clay or 

mixture of clay and sand, loam^ topsoil, etc.) $ 634 

Hand Back Filling 1214 
Compacting 

TOTAL PER MILE EXCAVATION COST ' $2904 
Per mi le Direct Burial Cable Installation Costs 

Cable diameter (assumes armored cable) ^ Per Mile Cost 

0.412'* $1303 

0.500*' 1^^^ 

0.750" 2759 

Resodding Cost Per Mile $1214 
Total per mile Construction Cost for First Cable 



Per Mile Cost* 



0.412" 

0.500" 

0.750" ^^^^ 



$5421 
5803 



Total per mile Co n struction Cost for Second Cable 

Cable diameter Per Mile Cost** 

0.412" $1042 
0.500" 1^1^ 



0.750" 



2207 



Note: 1) For a second cable add 80 percent. 

2) Cost does not include the cost of the cable. 

3) Add $104 amplifier installation, balancing, and pedestal 
installation cost for each amplifier in direct burial 
installation. 

*Does not include cost of cable, add $104 for each amplifier installed 
for first cable. 

**Does not include cost of second cable, add $29 for each amplifier 
installed and balanced in existing pedestal. 
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Table 5.2,8: Typical. Construction Costs (2) 

Cable Installed ' iii Existing Conduit One 
Mile in Length (1972 prices) 

Cable diameter" (as suiiies 'flooding coiiipound ) ' Per mile cost* 
For first cable 

0.412" $1533 

0,750»» 2066 

F or second cable installed at same time as first 

0.412" $1226 

0.500" 1471 

0.750" ' 2452 
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respectively. It should be noted that in each case, substantial 
savings can be realized i£ multiple cables are installed simul- 
taneously. Therefore, serious ccmsideratioft should be given to 
installing a dedicated educational cable system at the same time an 
area is wired^ for conventional CATV. Similarly, if demand for 
cable services is expected to exceed the capacity of a single cable 
system in the near future, the possibility Of initially installing 
a dual cable system and allowing the second cable to remain unused 
until it is needed should be seriously considered. 

Finally, if network cables are mounted in utility conduits or 
on utility poles, a yearly rental fee wilt be charged. Assuming 
a charge of $6 to $7 per pole per year (regardless of the number 
of cables installed on the pole), (6) estimated pole rental fees 
will cost between $300 and $350 per year per aerial strand mile. 
A similar estimated rental fee for conduit installations is not 
available . 
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